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(2) 



ft W¥ 1 1-8 7 5 4 1 



mmtimm&mnvmmtztj u m i 

*fifc«#*WiD*3£fcfcJ:&*©*&e»K*IW» 

K 7*D 7 r -f ;t/©$#{i 3 nm* fctt-enWTCSR^t 

5 2 * fc tt 3 fB«©5V W * . 

©*m©£S©M*WU d*i&©JU*i^i:LTiiliB 
x*;Hf- a* > K 7°D 77-f ;i/CDfilBM:«W<gv>^gii 

WiS<?)6#£ * fc & -T»*lfl 2 , 3 * felt 4 §3»©rV W 

[»*@ 6 ] m^nvmit, *h?h, * <) »; n 

C»*ffl 8 ] iiaB3£££ttx lOnmiO 
VW£T*&!K BtfiaMJiSittl nm<Ojr-^-"e*Sil 

C»*B9] H5i3«3tii««e««i:*2»^*r^©ss: 
©*£*-r sit *a 5 i3«©^w A 0 

[»«jhi i] asiffiAttiftitvhu^^rtc^snfc 

B*«l 0H3«©7VNM*o 

[»*B1 2] ISf3A(i3~l 0nm©iIfl£W1--5ff 
Jjtgl OSfcttl lt!3*©x/U^ 0 

[if SIS 1 3] |JJBAtt*iWMf»CD^>'fg|iSW-ra 
M$Jgl 0~1 2©^-fti^lo{c|3tt©^W^o 

1 4] jjMBAtt&Mc J: smi&zhzmim 1 

0~1 2©tl-rtX*10tf3f4©5rAW^o 



iBi^-f K^-hi s miI3V-^ • Y\s<(>mR*+ l )77 

1 6 ] ^ * U U"C«f^qIII«il9*S 1~13 
©^•f;h>lo{c!3S&©x/W*-e&o-T\ lwB3t:7- 

7] mmy-YKm^ixtzm^<Dv-<juiz 
[»*@ 1 8 ] yv- Ymmz^ a y Y*>f- 
[USUI 9] i$!3+M Ky-n*gf^y-b*#ta 

[»*«2 1] Huia-trf YV-YH, b5I3«c?&oT 

* tz <♦ r »; v p SJKfiRt £ D *i> 
^ntcioT, ^R^tJ;f)H5f37'U^^*>f,HUB3fcr 

5 fc%&mm®mft#Qim n s c t ©*^ 

aS*ll 1 ~ 1 9 ©O-f tiiP 1 -3fciB«©7^W 
[W«a2 2] Bu!3t7-fi|j§©mSi5^@^©±ti£ 

*f»©««i:Ci»)*BR$^ ^l©tt^T-ii, ^7- 

z&mft*mutztz&<Dyj Yr-b*tit&m%m 

2 ZEMOtWZ. 
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[tf*jf 2 5] a® (i) t, mm±fcmi5ftfcm$ 
tTB2a^tife»^ (2, 5) mmmmtt 

(3) t, y-bmw, (2 sg) h*m*., m 

m&cDttmvMi&tkZQmmzti, sii©tts>T-(±, 
mffimzmLxmft** u T7u—&%.£*imx& 

-zmittz r>*;i/»e#§it£su mtzv-bmm 
im&m 2 6 ] itui3$iJffli^?{± y-a* <tt>* Fi/'f >^ 

^ ( 2 , 5 ) £$$-r 3 ff^Jfi 2 5 !3«©T-Vt^ ^ . 

[at 2 7 ] mm®mm?<D~jj * >; y - vttm 

JES1-5W #E 2 5 ffiflCD^V 7. 

S*BU i[|Bfflffl*?©nicEM3ft&lft$g2 513 

[0 0 0 1] 
[0 0 0 2] 

[«e*fflSt«] 1 9 9 6*P1 1E1 5BfcfcHBUFft&S 

❖ ©RJNf^tfJKEP 9 6 3 0 8 2 8 3. 9f (EPC 
5 4 (3) m tBu fl?J»«ffi*^h>*;K»««JtS 

7- r*WV^©fc**K:{e«S#*.* co^ES©a 

mm*%Mtzzt££*) ; 7 : -*#mfriii2tiZo -© 

S^PfffiSiiKcharge barrier configuration)}*, 
r->*;i/Pf ^multiple tunnel barrier)^ «t 

•Ti) 5 nmS®# U i/ U 3 >Jf h 2 nmjf ©g-fb-> U a 
>«i:©^S«d» *©-«#** U^-KtL 

*n&, **yy-pfcbT«trrai*«£©:*-y;«- 

* -;**-;i/©fc#A&Wrs*©fcbTffl*;*;JiT^ 

§ &<fr B^fc it 3 & < ^ U 7 - K A> 

©am***®*-*-*, hi^^-e&So a&si!© 



[0 0 0 3] 1 9 9 7*p7 ft 1 8 BC 

aw£ftfca*0»M$ttaHHE P97305399. 

4^£l3f4©£?tc> r-v>S>;**©«fc-3ft:3> ho — 
;u K n > ^7 3 y?) W 7 tfijffl t 3 z. t t- * £ o 
d©r>*;i/H®»iil:ffl^t\ v-*fcKW>fc© 
IHte*gBisaa!lt?>*iS. 

7^ v^*7**ifcfc&ttt. is*§fiiji#ii 

[0 0 0 4] 

[0 0 0 5] ±KLfei^0»#l»tftfMBEP9 6 3 O 
8 2 8 3. 9-^t|3«4©^2©M©/ : e , j7 :: n-r^t:o 

- (ft) i:, £ftfc««*Sf|i4»*ffifcbT«/££ft 
5. SfKiiioSfiJW-r-ii, ^^>Jy-Kt«^f$» 

T*^«ff*W*n1-5. ±I3EP 9 7 3 0 5 3 9 9. 4 
^CI3«©r ^ >***©?- h©«jtli, p]«©*iS 

©l^ttty- hi: FW >i;©rac, ^S##Win$ 
ns. ^©a«^cti3«? • iE?L©*t*^?ti, y 

3Afe^5=- yi/y ;Kconf inement potential )* s jtK$ fi 
[0 0 0 6] 

[i»M^^i-sfe»©^ia] cfte>©HHft*sflR-ra 

fe»ic, *«natt, ^©^l©M*t^V^T, «fffcM 

tt©tt»©««i:*#att©*mfflia«i: u ^ 1 

^BjtiT-fe»)> m2(Dttmx&, *Kt>®mmifis f 
5 -^3g§as mm* * u r 7 n - 5 h 

K7-*»t:*ru'r«ijiftWip-rsii:t«t»)*©«a 

[0 0 0 7] *JM§fcJ;55Watt, 

7 - h ^Di^. fey t »; tfflv^- t&x%%o mm 
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[0 0 0 8] ZOrJUZlt* ttz, b5>^7#fcb 
T»fl^tf«£fc h57^7*?-fcfc % 

[0 0 0 9] F^-h«Jitt'>3y h*4*-h$fc 
[0 0 1 0] ±!3EP 9 6 3 0 8 2 8 3. 9^C§3«6$ 

ftfcy. * >; *©-ss»i«tt*j«&tt©4>0"ea 
So *(Dmmmm&s 3 o nmf©^ k-7*>> <j n >« 
HtBEe^tife 5 nmrncommmt^ y a >P»8£«-r 

It, &©45&&©fc&5o ?-£fc^ /*U^-KC 

wm$ titzmmt, * * y x cm LTfH»«ffjf# 
[ooii] *isrei±> &&£ftfe^ff#Btt©fitjg&s 

§£$gjt£3IS® ft itu!37 - Y 4 5 t ffllBJi 

Kl:»ltt©^t 'J 7^«t 5 WW J: 
Ztl^tlA * U 7- H fc*J»«ffifc»« LfctfS&Jfcifc 
KWR^WSja^fcx MiK«^*»JS&l«©-tfiSfl<jCifc 
«W£v**»S#fca»e>*!K £©P*ig$##SE7- 
p-C©*fl08tt«ffif«KS 4) fc 5> "T <fc 3 tifc^* 
;i/^-7"D 7 r -Y % tz *> 1-i a KiB?HMtt®*m 

[00 1 2] a*©±BBEP 9 7 3 0 5 3 9 9. 4^(C 
!3«$ ftfc b v 7 ^77 * ©-^SS0iJti> ;i/«Jt( 1 
ateral structure)^W^I><, 7-7fc FUY >fcfcM£ 

[0 0 13] ffe©jii6fc: < fc€>#&ii8fciu wOflUB©?? 1 

««■*-**>©•?<& »k ^na, *«fc, 3©*«±fc$ 

*;HBJSfcx ?-h««fcfcfiiiU ;:©^7*;Mff}l 
lt«fl«l#«tt©*f3|BkoiB«i:*»*tt©*m©«« 

U HUaBf- HHtftt*-* >*;H*3BC«#SB]*0 bt 



fc*c, tuf3$ij®«?©ffe^©±{c«^§cta«^$n 

2) o 

[0 0 14] *rn«it b 7 >3?3* >J 

®fS?£7-7«fcJ;tf Klz-f HMTCfcoT J; < , 
*&BU ^^©-^tt^ty^-h'tJfeoT^J:^. 
[0 0 15] 

[»?8©iafi©»3i] saw© £»>-*©«#©£«> 
jc, wt> **9§©iafi«cr3v^"r«M»riaiii*#jHb* 

[ 0 0 1 6 ] 0 1 (£, S^©±13E P9730539 
9. 4^Cf3iffi£ft£b7 7*7*:r/W7©-#]£^ 
©»rfflfcUT^-to '©f;W^lil«l £WU HP 
-Y >1H«2fcfcn K-7\S*lfc# 3 
!K -©±t^l«3i3tfaStt?>nSo d©^Jl«jg3 

#*ah>*;ns^*iift*>fce>t. »«ui3i±, *y 
*#«tt©#»fc©^s©»*»6*s. zvzmsmm 

«IH|fcV-^««5 4*EB*nS. 7-7*«t^-h 

flUSW, -©«^©Jl©a^«l«]oT, KbY 
>2A>6V-^5^©IKIPiH&oT««EA J j!lilS. ^ 
-h4a, 4 bCffiOSnsWEttK UY7/V-7* 

[0 0 17] ^B^3i3*#|^1-?,fc, Iftli, S^M 

mttcomt is y a >««©» 7 ©iffltEa$n&««« 

3nmO*-y- ©Ji$tfe!3> 02 (a) C^tJ:? 
4tai*^-yt>l»H**&6-r. IfeUJi 7 (4, 

a««i*^«i»8**&6r. -©0ijt*«u m^mwtt 

3nmOt-y-ffeS. ffl^©NtS8©^HB:> 
tt'>U3>tf!B©M6©*;Sfc£oT»*S. I«3t3 
fflSSU* J:IFJ65»©jS < T*(4s a 6 5 0 nm®^ 

-©ff$wi**u, -e©W#; (stack) (DQ&mmx- 

it, )S6(4 5 nm©^--y-©j»$W2S:Wr?)o 

[0018] ji^jg 3 ©Hi±, m^t IT, b 

ZbtzZto ^©P»S^?btt, f@^©Jf©|!$SiS$B 

{Cit^Tfg^* 5 ^*©^^ 3 ©«WTC*rjS*S ■€■ 

©tiaW^^^fCilJI LTiti(WJA^. 
[0 0 1 9] *^W7C*fbTV-7 • KW7«EE 

A s EP*P$tli.fc > ^«fl}®3©x.^;i/^-BItt, 0 2 
(b) C^1-*Jgfc3feS. «?{4, ifc«»*V^»aw* 
h7^»J7</L*>!)S?,, 7-7- Kl/Y7*EK«t»)-¥ 

•Y 7 2'\5ii8t3dfc#T-§SC:fc##A»£o 
[0 0 2 0] 02 (a) C^UfcltJSCiJV^T, 7-7 



(5) ftffl¥-l 1 -8 7 5 4 1 



jfc^Mgbtiu y— a • >H©ttf © h >*U > 
^SffilhU BSPHbfc<I*©|i?g8(£, g|aS<J 

^(macroscopic)*? h U >^*£PM:-f h 5 

#©rtffl!|CDlfflmPHW2il)l£v^fflPHWl"T(ilH$tiTl^ 

[0021] y-* • Yvj>mjE&mn2tiz>t, '& 

#© h 7 > S> * * (Dm&T- Y V 4 > *» £ V -X'We* 

S&P©fg£" t>^" b* 
U Cffl#M&fc#t*3BJBBU ^-h4h KW>2© 

©*^«ffH:mirSiie*n&« : f • iE?L*r££f&$-e\ 

[0 0 2 2] 3fc*©±f3EP 9 6 3 0 8 2 8 3. 9^© 

CfA^f *fciu 5 nm©#U i^U 3>jf i: bt^'J y 

b, %mY>zmmmm* i btzt>-fmmmifim}e> 

ti-So ii«ji3(i, ittii£bfc#i£T\ 5/U3>tMMbS/ 
y 3>h©£5JlT-ffM£ft-5. nl^'ja>©3 0n 

m©ji?©ii 1 i: uT©ffwmi^&« mmm3*ifr 

bT, ^tyy-K 1 0^«fif*+'J7*»Siitrcfc 
IPC S 5 o lilt 3 0 n mflt© intrins 

ic)^y 3 >©**$/■ 1 2±t^fig*ns. f&mnt& 

1 1 $i> *SU6»14©-»{b'> U 3 >« 1 3 , 14rtC 
[0 0 2 3] #y^U3>*f«©y-b«ttl 5Bu S 
dftfciDs Ji 3 C J; 5-^* infest? 

ki ofc«ffl*«ii?wfc*s&tr£fc#T;s.5. #y*> 

■J 3 yff- h 1 5 (i s -»^b-> 'J 3> 1 3, 1 4 £<fc t) 

Mfmnu lfrfcmatttttssn*. c©^-m 5 

tt, »l>HfbJfl 6 fc J: &Jifl|j& 3 ©«»*»&» 

/ffi§ji3©«i£abTs y-M 5*>?>tt 
**4«IMiX6^ fc?»t£IMtBI+*«Jr(the condu 
ction controlling field)(±Ii^jg©ft:(Ba$^@A i, 3T 

[0 0 2 4] ^^E'jy-F 1 Ofct ne*©F-K>ya 



> 1 8ffl|ia©«SE7D-ftlBI»-j-Sfc»©«IW!llR(fie 
Id effect)**- r t LZ#m+&o 1 9ttV- 

* 1 7 i: h* U-f > 1 8©B8CSW, *©fi«KHu ^ 
y y-F l ots«^tife«^©u^;i/C«c#bT^b 

ta. mmmmi 1 fc**u>>-F 1 o©rac^sr> 

- y i o *»&©«Bn««E*a«c/h$ < -rs. b*> u 
my-vmmi sammw&i lcT-es&mwt^v 

^t'jy-M oh©K©^©«^&±(/s. 

[0 0 2 5]*^{±, 01©JiS£ft5 
fclT, Sfctt, 04 (a) (b) *#JBbTWTCK 
WrSBI 3 ©JRafc£3 €■ U ^ bt^iJfflT-^ 
Z®.8.2tltz>f-Y *&mt%o H4 (a) t±» 01* 

HtSi&a*nfe^-H(IJi*^U 04 (b) fcJU 0 

3 ©^ ^ u ©iicseo taw^f a * * 'J ^ w ^ am 

[OO26]04(a) (b) Cw;SftfcJMBi3tt % 

©d!)tffi* s ofc]igi5s®2 i#&vmwpm2 2*% 

«o *55flBCJ:ntfx Yf- Y 2 3tt, {PIS2 2 

(Dfcm&*fflmir5o YV- Y 2 3C«t ?), 1135* 
[0 0 2 7] ffifflSt, 2 1 ±«$/j!c;**lfeWi 

04 (a) fc^bfc*»WCiS II 
gp«M(is 01*#MbtHuizEb&^&T*i&#irie«:V 

So b*^b> 1£t)^ XibS04 (b) t^bfe.k-5'5;^ 
^UfcUTHlSSn*^ Tia5S1Stt0 3T*Buiilibfe 
1 1 i: LTKrf^U ^7-«jg©TSttt^^ 
UV-F 1 0*s|ES^tLS„ y^E'jy-F 1 0K1»** 

0 3T-i5uB^bfc^T% atsitffjfig^n 

fcV-^««l 7fc r*W>*ttl 8i:©^©^S&l 9 

©e»s*»tSo 

[ 0 0 2 8 ] 1M Ky- h 2 3 (4, nBMbi' U 3 >T'^ 
fiKT- § S*Mffe^® 2 4 ±t0iJ^.(S*«tt^ u ♦✓'Jay 
»**CJ:!J««**i*. -©it-f K^-h 2 3tt, ftK 
a5«1S 5, 1 1 C J: ») Aft* n 5 ffi^rt c x 
^-b«Ett> *«IMH«*ffi»t5«tat|S|S*JiK: 

Mbtis^-rs. 

[0 0 2 9]»6, 7tt, JllWCtt, 01T-iixlib*: 

1 1 Sfetilt^ Y>f-Y 2 3tMbT«ff*sEPAn*ti* 
*r/H ^©ac^.;u^-;t> K^ittt05t^ 
bfcidC&S. |fi«j|7tt, <B^©JB7fflBfcJJffi-J- 

5 Jt«fl<J«V^«Tj•^Sw© Jt««J*V^»S 8 ft * fc 6 1". 
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ftmW- 1 1 -8 7 5 4 1 



[0030] ffl^©PfS8fflp^ini, mm&^-v^ytt 

35©3£<T-fciU Jf6©ff£w(£5 0nm©;t-y--e& 

5 v ^I£«S#©**^T-©Jg 6 ©jP£W2fcfc 1 0 n 

[0 0 3 1] flfii3©«f£©Jlfct, -en^*-&i:LT:s 

<i*©jg©NM;* b izit^xis.^±w<D^mmm 3 
©$iWTfc*tjiS-r s *©%swim jc Ha t & jt^wis 

[ 0 0 3 2 ] h 2 3 CHE£ftiflnl~S i:, 0 

«g5, i uzmm^mwt^h, 02 (b) c^ufe 

#iTe::©A>H0*«U y 7#iSg|5ttI 

5, 1 1^5.t7-«3iSrT^'NS3SbT> XrJU Z 
#M*>CJSbT^ Kl/'f > 2 ^—l* 1 Ofc 

[0 0 3 3] 04 (b) iZTjkLtz&ottft VtLXm 

ffl*n*»&x *^m^h:, as*©**? 1 * 

0. 2 Vfc^-5'Jv£VM:;i/M >*?>'>-wi/£&£€> 

*i-**frTUy- r*S2 3 tifi>5*IWit«BEtt- 

1. KvHflitfc J: »>-£*.&**£#©* 

£ftSo $ , -r*ffi2 3fctt-4. OVffig©y-h;l 

■wmM^^jsta. ^©jsstiu «i o^©iHiaict) 

6 o t i m j - b* c wmm? t s c % s . 
[0034] r 2 3 tzmmt 

«*ES0C«#U SUWtlil 1CWLT1. 0 V© 
AWT'JXWEfcElJOt-S. £©i:g, K7-CD^ft:©» 
gflfi£(*02 (b) fcjj*L&J:SCT#fclI^&fM** 

ffl1-{C(±> y-b®H23K-3. 0V©«JE§Ep^Dt 

[0 0 3 5] *f;H^*04 (a) fc^bfc«fc?fcr 

-f^tt, SSil«:y-vUt>©h7>y^^i:bTl&^ 
tS. £©£$>& r5>y**©j:»>fSlSiSj!fe«*, 0 

[0 0 3 6] 0 6 (b) C^1-<tat, »£i;LT« 



>11 KW>2tt, ifti/'javlUC 

nfe n*# u S" y a >jg* s . c © k u -r > 

~$Yb ^ U n >©*£U6IM 26fcJ;5^a$n 

2> o 

[0 0 3 7] £fthv*;i4ftdtt£*«fc&1-j|«|£3 

T#«i**U |gi^-^b^ , ;a>g2 4{cJ;f)HStl 
So V-*5tt, tr^-2 OOM^aB^KSf-Sn* 

[0 0 3 8] f-Y 2 3«, «S*&3iJi2 4hjgUT, 

t;7-2o©ffiBS2 2k©si*^fi8i-*^ na$s®2 
ia*BL&^o 

[0 0 3 9] CCflfjiKi, WTfcPJEf 5«W6IMi2 
7tiotM$nSo 06 (a) *.&fl**J;3C N 
SMb®2 7£:3>** b*#»«;S*U V-*«ffi2 8 

^©g^lC&SftS. 

[0040] Biet^ufc^w^cRji^as, w 

T> 0 7^#^b-CI5iB^-r?.o 
[0 0 4 1] 07 (a) MJAttttttS'U 
3>^xA2 5Tf*5, £ft£ 1 0 0 0 o CTfJMWbl/ 
T S i 0 2 © 6 0 0 nmjg 1 Z&f&t&o £©J|ti:KJi 

a«i:UT«Mits. ov^, Fu-o&f&atc&izm 

Vi^iZISiOilUtMtS. £©»2tiu {g 
E<b^« (LPCVD) t«fc»)SJS*(reactop)rt , Tf 
iEKfi^**: 1 0nmf©*'J<>'j3^^&5. 
1 0nm©JP3©n»fbS/y:3>Jg*J12©affl±CjS 

nfe#«S*ffMt5o «#-f*>ttx SMU1K:2 5K 
e V©^-— y— ©x.^;v^— 3 x 1 0 15 c m" ! ©^ 
WS(dosage)fJT*»atr . ;r©${bJlfc^ 

[0 0 4 2] ^£©&, Jf2±C#Jg«Jg3^fiE1-4. 

f-JHijg 3 tt, ^> y a >s 6 h^b«> y 3 >jb 7 i:©« 
zmx-mmu mz, ms<t-<D*.&ft£-3^x, «6 2 

^W2=5nm©^--y-©ff$-r*BfiK1-S„ $ 

zmmtZo z<m?ta. »»fc2ji©Mei*#j*-r 

5. Iftlt, 0 7 (a) lCwb&»fll©tfi*aiaJC»«B 

[0 0 4 3] »6, 7(i, LPCVDEJfcSrtTH&fct 
So ^©Igli, M.Moslehi*5<tOT.C. Saraswat, IEEE 

Trans. Electron Devices, ED. 32, p 106 (1985)ti¥ 
Jffl iz §B«& tlT S <fc ^ JEt 'J 3 > ©^^^bSaaC therm 
al nitridation)?:^, W^h>*n/»&&B&t 



(7) 1-8 7 5 4 1 



2~3nmCSBWg^ b >*;MMS£tt 2 e V 

©tf-y-^&s. 

[0044] mmm 3 «*© «t ? t LTS^t^-r 

S„ £"f, LPCVDStf5Srt©7 7 0° CfflSiH ( 
#*©$T">'j3>Jf ftj&il$-|i-T, 0 7 (a) iZmt 

(*I©lTorr©l 0 0%NH^^mm^,<D^X' 2 0# 
B89 3 0° CT-, jiS, afl3'>U3>HgE«l1-S. * 
t, is) bSrtt-c:©^b"> U 3 >±t»Jffl^ 'J 3 Xfft 

a >ft£ < ^*fc^*fi#fc£fli$/ 'J 3 II&f£ft£ 

[0 04 5] JpJJ/'j3>Jf 5fc, LPCVD&C 

<tD10nm©f$t-fSI^t5. &t, C©H5©± 
1 0 nm©^--^-©ff^©-^-fb^ r? >®ftj$ 
ft£-t*-So C©SHbiIt5 x 1 0 » c m-*©JHttfiT?x 
fro 2 5 K e Vffl:t*;i/¥-THtt*-r * > ft*T*>jMr 

snfensygcgiji-rs. soo o cnim 

ttx #7W7,©7-7,htSfc«>tfflV^ft 
So &t, Jf 5©±K10 0nmff©»ftiS''J3>Ji3 

[0 0 4 6] 07 (b) ft#!?rrst, gMb->'j3>Ji 
3 0fc£, *?ijy^7 7-fi:, CHFji'ilFT 

;i/ 3* > * X ©HHM, * T- © b* 7 -Y x. >7 ^ ><7l£ h ft ffl V > 
*£, ^ftgfm^©#&TVT*-><fb£ftSo o^T\ 
7* Fl/^ bisi^* — >Jf 3 0ftvX7i:LTffl 
OT, CF,#7xfpf, «CDf-7-fx>>f>^ti 
t), B5*5ctVJ13ft7^->{b-rSo 

[0 0 4 7] &t, giJ©^^-WbXSCi3^T, ft* 
©#3* 'JV^77^CF,^ ©#HM4'T*© K 5 -f 

*), 07 (b) t^fctd^^->ft^J5g^-5. C© 
idtUT, JHPfj&3tt, KU"f >«W2fr6itaiy 
fe, 11^135 2 1 ^PJIS 2 2£ft£-r St 7-2 0©ff* 

tXy^>7*£tlSo 

[0 0 4 8] &t, 0 8 (a) tC^-Tiat, HWtftt 
«tt)-^b^U3>12 4, 2 6^imn ( #'J 
J/U3>*5, 2©x.y5 L >^£*lfcStfM3J:a t e7- 
^3g3ft^ai"Sc Kv-*Ji©^|H<Z)«fbJB2 4©J? 
£«1 0 nm©*-^-f$!)> y-7W5tJ;ffF 
W >«l«2Stt«tSJi2 6tt5 0 nmfflt-y-C 

fms„ *«i»-:7;**ifc«#5, 2±©-g^> 

'J3>©ff£ti\ SELOCSt J;-5tT7-3©Ktt^ 
U 3 >±© -^<b-> U 3 >©Jp£ <t t)JP^c 
[0 0 4 9] 08 (b) tjjVTckdt, #US/U3i/1 
2 3ftLPCVDt £9 1 0 0nm©JP$*-ejEfc£3# 



S„ £©112 3©Hffl±t, lOnmCt-^- 

©iJ$©«V>-^b^U3>Ji (H^*r) 
S„ &t, C©iHb/ft*fLT, 5xlO'Scm-2©^ 
Stfifro2 5KeV©x*;Mf-T, fltjR-f ;t>ft*T*> 
&*, *U^v3>S2 3ft*«H-7^*lfenS/lt 

[0 0 5 0] &t, 8 0 0° CT- 1 fl-K©*^- U > 
^*fforflt*-f*>*fSttfbU »2 3t*»nK- 

^*n&«»»wtt**fc**. d©s2 3fi^t, * 

5W*©7-bi:-r*fe«>fcffl^&ft6. &t, 

7^>7l£i:ftffl^T, JB 2 3ft/^->{b1"So 
T\ 5 0 0 nm©J¥£©B P S G(boron and phosphoro 
us contained silicadeglass)i:, 2 5 0 nm©ff£© 
HGS(spin on glass) fcfr£&S#MJf 2 7 ft^f 

^> o 

[0 0 5 1] 08 (c) Cfxt^ot &t, CH 2 F 2 
£ X If 7)1 3" > #7, ©HH^fp f , F7-fx 9 f>yffi 
t<kb, BP SG*5<tl>*HSG©B2 7*n>fV^U 

[0 0 5 2] 09 (a) t^-Tidt, WF,^©# 
HSWT*© K7-fx>yf>yt,t(), # U > U 3 > Jf 2 
3 ©USPS, n^U^'^^SOMgP^fflhjSgP* 

mtwmcDis'oitT'x-yj-y-yirZx, &t, ~^b 

*>'J n>Ji3 1 ft 1 0 0 0 nm©Jp£ £T-J$ft£-t>: So 
[0 0 5 3] 09 (b) t^1"<t-5t, CMP(chemica 

1 mechanical polish)^ <fc f) ^©-^b-> 'J n >Jf 3 

lftwatT, ^'^>'j3>ji5©isajftsm^-B-c, 

i:*5 S^§gP7>tT7 -b^T- * S <t ^ tt So 
[0 0 5 4] &t, 09(c) t^-Tctat, ^b»2 
6, 2 7C3>>^ b^3 2Dftj.-v5 1 >^UT, Fix 
^>H3£^gBmM&3^#T-£SJ;dt-rs„ Pll^ft, 
y-b2 3t*fbT3>^^b^3 2GftM{tS. Cti 
6©3>**bJ8tt, 06 (a) t^L-fe^W^©^ 
B0tB^5tCMS-i:* s T-$S. 
[0 0 5 5] ^2 8 S, 2 8Di3«tlf 2 8 G© 

7-*, KW>££t>7f-bt#LT«M&^ft*f5 
fci&t, 7^^7U>7*tctt)^««2 8ftffMt"So 
S2 8fct fl£*©^/ts/^ij>^tt«tj;»)4ia$n 
fc, 10 0nmf©^>©|]llt :h«St5 
J5£ 1 0 0 0nm©7;i/^ = >7A/^U3> ( 1 %) © 

Jl So 
[0 0 5 6] 09 (c) t.^tck^t, <!*©a5#2 8 
D, 2 8 S*±IF2 8GftlS;{tSfe»t, ^SS2 8t 

•m^rauft x >7 ? > ^fiEt s o 

[0 0 5 7] ^©iotUT, 95t>2 8S«±, V-*« 
^5-v©^ft^^So SJ7>2 8G<i, ,^3 2Gft^L 

t> ^■?-^>^;i/7 : ;W7xft't)fc?>i-t:7-^ji2 o 
ftHtrS2 3^©m^ft«rs. S2 3(4, ^v^b« 

2 4tJ:t)K7-«iii2 0ii»6tt«$n, vv-mmz 
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So 

[0 0 5 8] ^Bfitii3©JI6, 7©fi&H(f £<fctf-f© 
^xyN^ftjRWHBI, 9 0 0^1000° Ctjpjft 
1-3. b*>U U*±* , D©5*^-f^* s 3S^tiM^1-5 
£ fcttfc, *»b-7 , £ftfc7-7.fRii£5 

K W >*« 2 frfe H-V1> b fcJUftii 3 © S/ U 

«3g 3 puDmtis u =i >o»±* ztrmrm n±m2, 

*B$±1-S. 

[0 0 5 9] 06 (a) tt, h7>^^©7^f-{7 

t^xxY^Lt^t. mmmz&x=Y= 1 5 On 

mT-fcSo X = Y<2 Onm©t^->J-S(i> H. I. Li 
e, D. K. Biegelsen, F. A. Ponse, N. M. Johnson&J; 
0$. F. W. Pease, Appl. Phys. Lett. vol. 64, p 138 
3, 1994, #£m. Fukuda, J. L. Hoyt, M. A. McCord 
iSiOTt. F. W. Pease, Appl. Phys. Lett, vol 70, p 
333, l997CI3«Sftfe S BiHHtAii: <fc -a Tf#S 
CCffiSfc^-C lOGpaic&jgb 

t36>*5**J&ffiltJtS*©l£*i: bT$ftll/- b©y* 
-5*-f ^H>(retardation)#£D, B»IHia» 
S (self-limiting effect)©JICHi;&So 
[0 0 6 0] ~©h7>^X*«:ii#»K±£fiW1-3 

aiaa*? < , im h'V- h 2 3 ommtm^mm 

*'MfcU S^©±teEP 9 7 3 0 5 3 9 9. 4 

^{Cf3*©HSSMC*OT^l;S«lfi±©^©n > 7 

[0 0 6 1 ] H7~ia9*#JfSbTKWUfe*fiEOIia 
fcffl^TIM Ky-MSJS©^* 'J-k;i/4#fiE1-S3i: 
*T?S*c:fc:WilB#*iJ:$. 1-&*>^, H6Cijsb& 
FN 2 flitt 3 0 nm©# >J U 3 >JgC 
JlBSlfcLT, ±i£©* J E 'J7-F 1 OttZZt&X- 

fifcio^ 03£<fcU : 04 (b) t^bfc««17, 
1 8 t^+S V-^«l«*«ttF h* W >«^A J > ^# 

[0062] K7-*Jt2 ovmtvmrM^i 
v^tanB-r*. cne>tt> #fratj; otitis 1-7 
>^^w*ijic^s «rf^«ftt & * fe e. i- o 

[0 0 6 3] 08tt, jfi«*7©b7>$>***S.fcTR : 

£©«£&, 0 4 (a) (b) tiftbfci)* 
© i: % * 5 d i: # X # , 0 8 X PI b #8=^ & 

.fclfl&ttfS** 2 4 *s»H- t> ti S . 



[0 0 6 4] K^HBS 2 0 fct »S«t:tt-«{b5/ U 

n > * fctta^b^ 'J 3 >-cfcajttfc«j»i*tt*ji 7 * t 

*1-S. d©fg&A& ri<b->ij3>fli3~3 On 
m©tf-^-©J¥ 9, NH 3 HH^*T3 0 0~ 
5 0 0W©«HS (RF) mt>X7? x^SMtwacj: 
*) Mf&Z ixtzmt > 'J 3 > ftt 4 ~ 3 0 n m©ff$ T' fe 
JP£ 5 0 nm©Ift^ U 3 >J§ 6 ' ©MfcttttSJl 

D7W;i/£01 1K^1". c©i^M-^>F7D 
7 7"fMiU ^a^-^* 5 ® 7 ' ©iP$K^fj61-S, 

[0 0 6 5] {gffllS, ^ t »J i: LxmmstiitMG. * 

^H^ttSM©^»^tt7>^"A7 > ^-fe^^€'; (R 

am) tLxmttti. ^-tf^e., ^-h2 3c^bt 
*^$nfe^^;^-»S8" ^^yy-Kiocs 

[0066]y-h23 t/t-f T^^ff ^EP/ID^ 
i:, ^^;^-»SB* &01 ltTO-e75l-J;a{-T 
If&tiS. i©»*ftfflv^TBSST« , S^t:t:«t»)^ 

*u7-f i oizm^^i&ts^t^sjmtt^o * 

(HffWil l{3«E$EP*DbTia2 (b) t^U 
fe«t 5 ftst?? 1 >'> + ;!/©««♦*»* (01 lfctt^£ 

f) o 

[0 0 6 7] ^©^ nM*\ OT&S-Y 1 0-n(p1 
*oT^I61-5o aft«>'J3>*I7' ©»^Ctt, it 

So c©«j5g^tt, *^*i>ym *j»s®i i*t 

©«KC»oT«SlM7* ^^U7-K10 
^1"S. *<D&, mmi 1, 2 3*»ft«BE#«lDH»* 

^©«^RfB8tt 1 0^©2f-y-T*fe 5 a S. bfc* s o 
Xs i©^W^ttlgig^»|gttRAMi:bTiJ^1- 

^) o 

[0 0 6 8] 01 l©e-7-^jig§, V-^5**WK 

5 s ; w * ttsm* 7 © h 9 > v 7. $ t bt »>#-r s . 

[0 0 6 9] ft±as«^5, 1 1*J:V*TS««2, 

i o©iEfiit]t«TOi»v^«a«7" *i&anbfe^^* 

0l2t^1-„ Ctl«±0 1 3 Kjpt&o&ttfoLtzx-^ 

)\,*-n> m\z.pms* ^MJjDt?>t)©T-fes 0 y^e 

UfcbTttffl*nSfc§v 17" tt, ^17" , $IJW 

«« 1 1 * «fcv* * y y - M o ©w-isc^ji©*? *« 

S^-BB( re-di stribution) $ft&©£:|5£.[tU 3 n t «t 

b 2 3 * ctwiffli*® 1 1 ^mmvmuz htz t % 
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(DTH^^y^^l^U^^Mtho 01 3©x* 

)i¥-ny vm&s mmmm 1 1 & «twy- h- 2 3 
sa*«E* j wira**ifc*'& (*ne>©flu±iai oc§§ 

*y *y 7- F^iafro-cT 

Cfc-C&S. 7*-h«E2 3©3&*B\ W 
gB©iS$£W3-i:T-&l>o 
[0 0 7 0]P^|gB , CD»*ttBIl 3{C^i:*>t)tfe 
6. £©WStt, 7*-b 2 3fcffi!io3ft&WE©i|g*i: 
bT> ^©^?!5f^L^L/^*»e><gM^tlSo £7 

-«» 2 0 &mm<D£ o u a >s 6 * «t y 

>>y3>Jf 7T-«^£tl-5*§^ SiDl-**^Ji7" 

6' ©ff$tt5~3 Onm©t-^-T'feJo 
[0 0 7 1] HI 77^ <»i>9>yj*7'9'kZ 
^'J (SRAM) 7 1/yS'iilRIt^ 

Bfc-rs^^^^^^v^A^-b^y^y (DRA 
m) *mw?ztz&><Dmo>mtm*mt<, fw<D*H k 

y - MT 7 -*iStt 0 4 {C b & * © |sl U T- tb 3 

»v^ps^'j^>s3 3*jI*dltv^o z.on\&#M. 

fli)CI41~2nm<Z))J?^t), Jg6, 7©^JER©KP 
£ x ^©^FffiT-LPCVDSJSS^WC^I-^CIi:* 5 
t-t-So J13 3tffl^5 K— /i> hits 1 0 18 cm- 3 © 
K-^^>hjijS©ll^(boron)T-afeS. £#iC«koT 

1. 2v©*-^-©«#&*5j«^>V+;i/|>|tSfc£fiR 
£&<^ *#©*— ^-©liSIH, y * y y — K 1 0 1ZM 

f8§ffi#1-3!&B#;fcS&£>«s 7*-b«ffi2 3fcA© 
M-f 7^«E6WJ0fS. -1. 0V££(i-0. 5 V 
©AWT^ftfECfciK 0*P*J:tfllSlf© 

y-h«ffi2 3t0. OV^itfl. OVCD^-MME 

7 V P b -f > 1 9 (014 fcttHijvei") C V-7 

i/>f >«**ttmrscfctt % ±a>©i3«^^a^^n 

£5. c©«^i/^;Ki s ^yy-t* l OfcPMSft 

[0 0 7 2] H 1 6 v7"ffl^Jitttt(dis 
continuity)*»SfctoC^ it>*****^4f-^V 

©*«**■*-. hi 6t^ufcsat«n?a: % iDM 

62' (m«SiC) CfcSfc 



tsittt, e7-*M3t-r4©fcfliv>e>ii,5LPCV 

Djfl«©imc»sfc p ^#a-ts c t^x-t 

S. 16/ ©*«*>*> FivSJtffc^jPfeftT* 

ffl*ix«?* 5 *+y7 , i:bTfflVA&ns»^cttx 
«ttttfcsp * > h t t t> im b 5 5 3 1 ifimm £ n 
&*>o mm7-^>Y^mmmto. 5ev 

©^-^-r-a&s. f f-hmm2 3 dh?^ 

5©{cW^T-afe5. b^#oTs Wt'Jr/H^lt 
^*© D R A M© j; 9 Ki^M ') 7 1/ y $> i @BS*'i>B i: 

®gg2 3C0. 5 V©lE©yt^7'^^BJi!fD'r5C:i:^T' 
S5„ dnticTl 0^©3|--^-©^B#P^iiJS£ 

bT-0. 5V*«ttf-l. 5 V©/W 7^«E§EPAD 

■rs. c©^©^aib*<ty r *tji^{^ ±«£bfe^ 

[0073] bvyitzttLzmm-rz®^ hi 6 
©t-7-«jg{i®^7© h7>y^^**fee>-r. 

[0 0 7 4] HI ■y-'T K^-M^7-«jt3©flfe 

©ws^-r. ^©«ufcttx mm-? h 'j 77 3 5 flfcjB 

^ji* s ff^n^o Z<DmX'lZ, vhU773 5{i5 0n 

mff©^y^y3>*r^6©®Kt^ii**x5. A3 

7) i/'J b<tt7';U5-'>A©^JgKy 
hC«t?)««7fS5. t"7p<-^ -7^r-;i/©a^{t 

[0 0 7 5] 1, S i-Ge-OS^fl*^7y/-7 
• 7^-;i/©Ge©^(crystallites)&^fflE-n)*iS 
S i - G e - OrM^lJltt^ SHftv^ h d >7;^v 7 
U77" (RFMS) *fett'ft>b:-A^.^y>^ 
(IBS) C«t»)|S!(tfc. Xrtv9V>y*->fyYtt 
itgl00mm©9 9. 9 9%»Jt©S i 0^777 
l/-b*P>5&5> ^©±t 5 mm£i©&ojb»©i!&$6§EG 
e^f 7'*fiV>feo 7-7* v b*^7;i>v7$tlfeW*4 
HU S i*tg±C 2 0 0 nm©»$T-K«bfcc H^© 
S i 0 2^7 7 7b- b ±C^ic$*fc G e f- v 7©S 
KffllStts 7-7*^ h±t7/Vy^$nSGe©*^J 
i!t5fc«)(C^bfe. 
[0 0 7 6] RFMSCt&Ctt, 3mTorrCDE* 
©7';i/rf>^7||H^ 1 (fT\ 1. 2 5kW, 13. 5 6 
MHz©«ffl««a-CXrty*y>7*fcHfTb&. IB 
S©J®-&t{i % 0. 3mTorr0E*O7^>*7 
#Bftit>T % l kW©jt«tS©f7^«y^ y v^ftHfr 
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bfco 

[00773 £5>fc§¥»-«u ;oigtt, *1\ 7? 

GeT-jafSffibfe^—yy h±i:S i 0 2 #v7 
£©lt>X;i>£:p;i/P">#7ftJ 

SI 

U->X;u»^ >7"Mjg 7 

1 3 0 0° C 

2 6 0 0° C 

3 8 0 0° C 

$/ "J p >©fflj£ 

$fi (CVD) fcfflofc. Aft&tiU **\ SJfctfx© 
#A©iiS£l 0-'TorrOffAif^iffilfe. 
£fcSrt©8^*ffi±fcliM$ftfc5' U 3 2 5 

0° C(DUm^tX-mmLtzo S i H,:|3J;VH,fflfi£ 

bfc. ^7n-i/-Kt ^ft-etu 10£<fct>*40 
sccmtlL 0. 2 To 

r r©|ilE£»Sbfc. J^gfifCPH,*fettP|H,S 
8CkCi5, BI& F - £ > 7*( substitutional 
doping)fcfr?£i:fcJ:'K f)h?nnS*J:ffpSffl 

K~^>hi:LTs H 2 |*)T-#iRbfc, 5sccm*fe 
£0. 2%PHjft«Ui0l/&. 7 *>7— forward 
pover)£**{b bT£M*S'.MRlC«*. S J; -5 C g»v 
yf->^fc«fc&J&R*rt©«ffifc*tLT 1 3. 5 6MH 

ttO. 0 8 nm/s e cT-feofe. C©$<;fi£ 5 0?J>PiS 

©Jf£f#£o 

[0 0 7 9] 3, 77X7CVD}gCJ;5I B B B i^'j3 
>©fflit 

^HlHdnicrocrystalline)^ "J P >£t£lt5;fc«>fc, 

y^Sdoad lock chamber) tjg^b to Z.OD— HP 
y7S£jibT> ±s/SS^©it>x;u©D— K43«fciF 

7i:i0^lfe„ £jfo*)X©2£Aiiu£s 7 
-7P^fj|?>Xti0, 10-'Torr©E*C4SS 

•?«sfts*ffib&. «:Emfcgitsa«tt* 2 5 0° c 

©a8££-t«£tlfe«gl 5 c m©g?»««i±t:e 
fibfco *ff©mH!ti:3 cmfcB£b&. SiH^J; 



-p3 0«*&4l$|Hk 3 0 0~8 0 0° CT'7--U> 
7"bfc 0 *©JSJR, GeCty'^-^ • ^^r-;i/©^ 

fotzG e<D±J ffi?©SgS* iVIt 4" X ZfflW t % «t a 
KMIL T©^{±»o*©«|if*4. 
[0 0 7 8] 

3 0# 4. 2nm 

3 0t> 6 . Onm 

3 0# 6 . 5 nm 

fii^lALfc, S iH,*$«fctfH f ©#X7n-l/-h 

ttx ^ft^tu i£j;tn o o s c cmtisit, c 

©JJUICHk gijE;*Jp> bP-^tJ; t), #XES 
0. 1 5Torrt«tJ^bfeo ISIbX^XvrtTN 
XgtpC, 5fcX7-f >3»fettS>#7>#Xfc*S«jlK 

P>££j$b;fco d©0!Tftt, **rtT?#Rbfc2s c 
cmJfeiiO. 2%©*7s7-f >£nMK-^>b£:b 
TiliDbto AMCt«t»)Srt©««t*fbT8 0W© 
«X?^r 1 3 . 5 B MR ztmiia+ZZ. 7*9 

fiEfiU-hfcfcO. 05nm/sec^L d©$;fi 
fflSfi 8 0g>rafrV\ 4 nmJ¥©«ftHS/ 'J p >Jl£f# 

to 

[0 0 8 0] 4, X^XvCVDasfCiSgftjS/VPV 
* .k V#ilH*fcfcHWIH5' U ^ >©««fif>g(stackin 
g structure)©/^ 

m<b*> U p >*fcttfWIK^ 'J p >©M©*M1R£tt* 

U 3 S±jfi©*2 
ttSt^©#Sfc/8V>T£S1-4£i:#Tf^ tWEbfea 
lb 'J P >S( interspersed silicon nitride layers) 
*k SiH„ NHj, 43J:WH,©S^3tfXftfflV^SC: 

tK.&*)mm<D%mT;mMir&z. '>'jp> 
»fcSfb^';p>®©ra©^*B)5±i-5fetot, 
*sawBc j: 5«6*n&sa^©««awc«^©K* 

[0 0 8 1] 5, ffeo^ffifciS^'JavKoffliS 

dSfflj©#£©0J&ft©3i^T-;&6. «Mh^ 
#$?(thermal chemical decomposition)^ ^-fb^^iffl^- 
(^(photo-chemical vapour decomposition X 771 y*? 
U>7\ -f *>K— AJ«*» 77^^-f3b>tf-A^ 
^ £J:tf#?e-A]®fi#;&3. oHe>©73i£fclu M 

[0 0 8 2] *^$e<]^-fJt^5V^-C^ ^> U P >«?tti|fe 
fctt^SHteiititCJ&aSft* ^©itStt3~10nm 
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<DKM. ^b<ti5nm)-0^5. Ell 8C«5SW 

fcvkLtzmmmmiz&^Ti*. mo. svommmm^ 
i otzm&wm+&z£wn$So zvA^mmm®. 

*fiM*t«Ctt % 7-b*I2 3£*fbT- 1 . OVfe 
0^i3J:iflRflHlffl«Sf«flHlftaUKT?»S. 

o 

[0 0 8 3] h7>J?X*fcltffil^i^i:tt 4 Ell 

[0 0 8 4] ±MbfcM>gfi©*t4*U5/ | J:3>)f 6© 
Stf-IM XB: 3 ~ 1 OnmgflEC'J»£ 

&Mb^U3>C^&bT, S?t2~3nmf©il 
t«fcDH**i*«fc-5t:-r5. HI 8ffl*«*J:V 

i: *> 5 £i: stress. /hSi^tt^iM Xii, 
**-IE^©£#fc<fc3»Wt«ttU ^©£$£*ife 

§ o 

[0 0 8 5] Ell 8fcfcl^ *?;l^tt;-F 1 0 
#£Vm6*%tZo b^U J-f 1 0*«tVjg6* 
9J|»t- Sifc^-eS*. &?34&y-b*i: 
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Controlled Conduction Device 

This invention relates to a controllable conduction device for use in a memory 
or a transistor structure. 

i 

In our EP 96308283.9 filed on 15 November 1996, (Art 54(3) EPC) there is 
described a memory device which includes a memory node to which charge is 
written through a tunnel barrier configuration from a control electrode. The 
stored charge affects the conductivity of a source-drain path and data is read 

io by monitoring the conductivity of the path. The charge barrier configuration 
comprises a multiple tunnel harrier which may comprise alternating layers of 
polysilioon of 5nm thickness and layers of silicon nitride of 2nrn thickness, 
overlying a polycrystalline layer of silicon, part of which acts as a memory 
node. Alternative barrier configurations are described including conductive 

u nanometre scale conductive islands which act as a memory node, distributed 
in an insulating matrix. The advantage of the tunnel barrier configuration is 
that it reduces leakage current from the memory node without degrading the 
reading and writing times for the memory. Different types of memory device 
are described. In a first type, charge carriers from a control electrode pass 

jo through the tunnel barrier configuration to the memory node in response to a 
voltage applied to the control electrode. In a second type of device, an 
additional gate is provided for the tunnel barrier configuration in order to 
control the transfer of charge carriers from the control electrode to the" 
memory node. 

The charge barrier configuration can also be used in a controlled conduction 
device such as a transistor, as described in our EP 97305399.4 filed on 18 July 
1997 (Art 54(3) EPC). The tunnel barrier configuration is used to provide a 
conductive path between a source and drain. When switched on, charge 
» carriers can flow between the source and drain, but when switched off, the 
barrier configuration inhibits charge leakage through the path. A large on/ off 
current ratio is thus obtained. 
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Th present invention relates to a number of inventive improvement* and 
modificati ns to the aforementioned devices. 

Considering the second type of memory device disclosed in our EP 
J 96308283.9 supra, the tunnel barrier configuration is arranged as an upstanding 
pillar, with the control electrode overlying it. The additional gate applies an 
electrostatic field, primarily from above, downwardly through the pillar 
structure in order to write charge onto the memory node. The configuration 
of the gate of the transistor disclosed in EP 97305399.4 supra is configured in a 
to similar way, so as to apply an electrostatic field downwardly into ike pillar 
structure. In this configuration, a high electric field is applied between the 
gate and the memory node in the case of the memory device, or between the 
gate and the drain, in the case of the transistor. This high electric field causes 
electron-hole pairs to be produced, and an accumulation of carriers near the 
is gate structure, which screens the confinement potential. 

In order to overcome these problems, the invention in a first aspect provides a 
controllable conduction device comprising an upstanding pillar structure 
having a side wall and a top surface, the structure being formed of regions of 

20 relatively conductive and non-conductive material such that in a first 

condition, charge carrier flow can occur through the pillar structure and in a 
second condition the regions present a tunnel barrier configuration that 
inhibits charge carrier flow through the pillar structure, and a side gate 
structure alongside the side wall of the pillar structure, configured to apply an 

2S electric field through the side wall into the pillar structure to control electrical 
conductivity therein. 

The device according to the invention can be used in a memory that includes 
a memory node to receive charge carriers that pass along a path through the 
jo pillar structure. The side gate can be operated to control charge carrier flow 
along the path so as to control the charge stored in the node* 
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The device can also be operated as a transistor in which source and drain 
regions are provided so as to provide a source^Jrain charge carrier flow path 
through the pillar structure, with the side gate being operated to control 
charge carrier flow along the path. 

j 

The side gate structure may comprise a Schouky gate or a junction gate. 

One embodiment of the memory device described in EP 963082&3.9 supra is 
non-volatile. The barrier configuration includes an insulating silicon nitride 
70 barrier of 5nm thickness disposed between non-doped silicon layers of 30 nm 
thickness. The resulting energy band profile is such that charge scored on the 
memory node is retained by the resulting barrier configuration when no 
control voltages are applied to the memory device. 

is The present invention provides an improved non-volatile configuration. In 
accordance with the invention from a further aspect there is provided a 
memory device comprising a barrier structure formed of regions of relatively 
conductive and non-conductive material such that in a first condition, charge 
carrier flow can occur through the pillar structure and in a second condition 

20 the regions present a runnel barrier configuration that inhibits charge carrier 
flow through the structure, a memory node to receive charge carriers that pass 
along a path through the structure, and a control electrode for supplying 
charge carriers to the path so as to pass through the structure to be stosed at 
the node, wherein the regions of non-conductive material are configured so as 

v to provide an energy band profile that comprises dimensionally relatively 
narrow barrier components adjacent the memory node and the control 
electrode respectively, and a dimensionally relatively wide barrier component 
between the narrow barrier components, the barrier components being 
configured such as to provide non-volatile charge storage at the node. 

JO 

One embodiment of the transistor described in our EP 97305399,4 supra, 
comprises a lateral structure. The source and drain are spaced apart laterally, 
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with the gate between them. 

The present invention in another aspect, provides an improved device of this 
general lateral configuration. In accordance with the invention from a further 

i aspect there is provided a controllable conduction device comprising a 

substrate, control elements spaced apart laterally on the substrate, a channel 
structure electrically connected to and extending between the control 
elements, the channel structure being formed of regions of relatively 
conductive and non-conductive material such that in a first condition, charge 

to carrier flow can occur through the structure and in a second condition the 
regions present a tunnel barrier configuration that inhibits charge carrier flow, 
and a gate region configured to apply an electric field into die channel 
structure to control electrical conductivity therein, the channel structure being 
configured so as to lip under one of the control elements and lip over the 

is other of the control elements on the substrate. 

The device may be configured as a transistor or a memory device. Thus, the 
control elements may comprise source and drain regions, or one of them may 
comprise a memory mode. 

2D 

In order that the invention may be more fully understood* embodiments 
thereof will now be described by way of example with reference to the 
accompanying drawings, in which: 

Figure 1 is a schemaric cross section of a prior transistor structure; 
2* Figure 2a and 2b are energy diagrams for the transistor shown in Figure 1 
under different bias conditions; 
Figure 3 is a cross section of a prior memory device; 

Figure 4a illustrates a zrmsiszor device in accordance wick the invention, in 
schematic cross section; 
30 Figure 4b illustrates a memory device in accordance with the invention, in 
schematic cross section; 

Figure 5 illustrates an energy band diagram for the devices shown in Figure 4a 
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and 4b; 

Figure 6a Is a schematic plan view of a transistor device in accordance with 
the invention; 

Figure 6b is a schematic sectional view of the transistor device of Figure 6a, 
J taken along the line W; 

Figures 7a - h illustrate the various fabrication steps for manufacturing the 
transistor device shown in Figure 6; 

Figure 8 illustrates a modified pillar structure for use in a device in accordance 
with the invention; 
to Figure 9 Is an energy band diagram for the device shown in Figure 8; 

Figure 10 illustrates a further pillar structure for use in a device according to 
the invention; 

Figure 11 illustrates an energy band diagram for the device shown in Figure 
10; 

is Figure 12 illustrates a further pillar structure for use in a device according to 
the invention; 

Figure 13 illustrates the energy band diagram for the device of Figure 12; 
Figure 14 illustrates a further embodiment of a pillar for use in a device 
according to the invention; 
20 Figure 15 illustrates the energy band diagram for the device of Figure 14; 

Figure 16 illustrates an alternative pillar structure for use in a device according 
to the invention; 

Figure 17 illustrates yet a further embodiment of pillar structure for use in a 
device according to the invention, which incorporates a junction diode side 
23 gate; 

Figure 18 illustrates the energy band diagram for the device of Figure 17; 
Figure 19 illustrates a side gated structure utilising a Schottky gate; 
Figure 20 illustrates the energy band diagram for the device of Figure 19; 
Figure 21a - 1 illustrate the process steps for manufacturing another 
jo embodiment of transistor device in accordance with the invention; 

Figure 22 illustrates the transistor device manufactured according to Figure 21, 
in plan view, with Figure 2ll being a section on the line MP 
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Figurc 23 is a plan view of a lateral transistor structure according to the 
invention; and 

Figure 24 is i sectional view of the transistor of Figure 23, taken along the 
line HT-Iir. 

Figure 1 illustrates in section an example of a transistor device described in 
our EP 97305399.4 supra. The device comprises a substrate 1, with a drain 
region 2 comprising a layer of n-doped polysilicon, overlaid by a multiple 
layer structure 3 that gives rise to a multiple tunnel junction configuration. 
The layer structure 3 comprises alternate layers of relatively conducting and 
non-conducting material such a layers of polysilicon and silicon nitride. The 
multiple layer structure 3 is overlaid by gate regions 4a, 4b and a source 
region 5 is disposed between che gate regions. The source and gate regions 4, 
5 may comprise n-doped polysilicon. In use, current flows along a path P 
from the drain 2 to the source 5, transversely of the planes of the layers in the 
structure. The voltage applied to the gate 4a, b controls the drain/source 
current. 

Referring to the multiple layer structure 3, it comprises conductive, 
polysilicon layers 6 disposed between layers 7 of electrically insulating, silicon 
nitride materiaL The insulating layers 7 arc typically of the order of 3nm in 
thickness and give rise to an energy band diagram as shown in Figure 2a- The 
insulating layers 7 give rise to relatively high barriers 8 of height B , of * 
relatively narrow width dimension w corresponding to the width of the 
individual layers 7. In this example, the width dimension w is of the order 
of 3nm. 

The spacing of the individual barriers 8 is determined by the thicknesses of 
the layers 6 of the conductive silicon material. Towards the top and bottom 
of the layer structure 3» the layen 6 have a thickness W x of the order of SOnrn 
and in the central region of the stack, the layers 6 have a thickness W 2 of the 
order of 5nm. 
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.7. 

Collectively, the layers of the strucrure 3 give rise to a barrier height b which 
ia relatively low compared to the barrier height B of the individual layers, but 
which is relatively wide in terms of its physical dimension, corresponding to a 
width W T of the entire multiple layer structure }. 

When a source-drain voltage is applied to the device, the energy diagram for 
the multiple layer structure 3 adopts the configuration shown in Figure 2b. It 
will be seen that electrons can pass from the source 5 to the drain 2, 
tunnelling through the relatively narrow barriers w falling down the potential 
10 gradient provided by the source-drain voltage. 

In the configuration shown in Figure 2a, when the source-drain voltage is 
zero, the relatively wide, but low barrier b presented by the layer structure 3 
collectively, together with the relatively high but narrow barriers 8 of height 

is 5, gives rise to a barrier configuration which inhibits charge carrier 

conduction between the drain and source 2, S- The wide barrier b inhibits 
electron tunnelling between the source and drain and furthermore, the 
individual, spaced apart barriers 8 give rise to electron traps that inhibit 
macroscopic quantum tunnelling. The fact that the barriers at the top and 

2a bottom of the stack are spaced by a distance W iy wider than the spacing W t of 
the inner layers of the stack, contributes co the height b of the wide barrier. 

When a source-drain voltage is applied, conduction occurs from the drain to 
the source in the manner of a conventional transistor and a conventional 

2s current flows consisting of — 10" of electrons per second Conduction along 
the path can be controlled by applying a gate voltage to the gate 4 which 
gives rise to an electrostatic field which "pinches" the width of the conduction 
path P between the source and the drain, by an amount dependent on the gate 
voltage. A problem with this arrangement is however, that a relatively high 

30 electric field is applied directly between gate 4 and drain 2. This high electric 
field causes electric field induced electron hole pairs to be created, and the 
accumulation of carriers near the gate 4 screens the confinement potential. 
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An embodiment of memory device corresponding to Figure 29 of our EP 
96308283.9 i*pn* will now be described with reference to Figure 3 herein. 
The memory device is shown in cross section and is formed in a silicon 
substrate 1. The device includes a memory node 10 in the form of a 
polysilicon layer of Snm, which is overlaid by a layer structure 3, generally 
the same as that shown in Figure 1, which provides the multiple tunnel 
barrier configuration. The layer structure 3 is made up of alternate layers of 
silicon and silicon nitride in the manner previously described. Charge carriers 
can be written onto the memory node 10 through the layer structure 3 from a 
control electrode in the form of a 30nm thickness layer 11 of n-type silicon. 
The control electrode 11 is formed over a conductive layer 12 of intrinsic 
silicon of 30nm thickness. The control electrode 11 is encapsulated in 
electrically insulating silicon dioxide layers 13> and 14. 

A gate electrode 15 of polysilicon material overlies the layer structure 3 so as 
to apply an electrostatic field primarily downwardly into the layer structure, 
so as to allow the potential barrier structure provided by the layers 3 to be 
selectively raised and lowered, to pennit charge to be selectively written onto 
the memory node 10. The polysilicon gate 15 is electrically insulated form 
the control electrode 11 by the silicon dioxide layers 13 and 14. Also, the 
gate 15 is insulated from side edges of the layer structure 3 by a thick oxide 
layer 16. No significant field from the gate 15 enters through the side edge of 
layer structure 3, and che conduction controlling field enters downwardly 
through the uppermost surface of the layer structure. 

The memory node 10 acts as a field effect gate for controlling current flow 
between a source 17 and a drain 18 implanted in the substrate by conventional 
doping techniques. A conductive path 19 extends between the source and 
drain 17, 18 and the conductivity varies depending on the level of charge 
stored on the memory node 10. The use of the multiple layer structure 3 to 
provide a multiple tunnel junction between the control electrode 11 and the 
memory node 10 gives rise to an extremely low leakage current from the node 
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10. However, both the gate electrode 15 does not raise or lower the potential 
barrier structure effectively tinder th control electrode 11 and raises the 
electric field in the region between the gate region and the memory node 10. 

J The present invention provides an improved gate configuration which, can be 
used both for a transistor according to the principles of Figure 1 or for a 
memory device according to the principles of Figure 3, as will now be 
explained with reference to Figures 4a and 4b. Figure 4a illustrates the 
improved gate structure in relation to a transistor operative according to the 
m principles described with reference to Figure 1, and Figure 4b illustrates the 
same gate structure applied to a memory device operative according to the 
principles of the memory of Figure 3. 

The layer structure 3 shown in Figures 4a and 4b b arranged in the form of a 
is pillar 20 upstanding from the substrate 1, with a top surface 21 and a 

peripheral side wall 22 which extends around the pillar. In accordance with 
the invention, a side gate 23 is formed along the side wall 22 so as to produce 
an electrostatic field into the pillar structure through the side wall to control 
the conductivity therein, by raising and lowering the barrier structure 
20 selectively. No significant controlling field is applied through the top surface 
21 by the side gate 23. 

In use, charge carriers flow vertically through the pillar structure from*an 
electrode formed on the top surface 21. For a transistor in accordance with 

2S the invention, shown in Figure 4a, the top electrode comprises a source 5 
operable in the manner previously described with reference to Figure 1 and 
the drain 2 is provided on the underside of the pillar. However, when the 
device is configured as a memory as shown in Figure 4b, the top electrode 
operates in the manner of the control electrode 11 described previously with 

jo reference to Figure 3 and the memory node 10 is disposed on the underside of 
the pillar structure. The charge stored on the memory node 10 controls the 
conductivity of the path 19 between source and drain regions 17, 18 formed in 
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substrate 1, in the manner described with reference to Figure 3. 

The side gate 23 is formed eg. of conductive polysilicon material on an 
electrically insulating layer 24 , which may comprise silicon dioxide. The side 
gate 23 docs not extend into the region occupied by the uppermost electrode 
5, U and the gate voltage aces on the barrier structure so as to reduce the high 
electric field region. 

The layers 6, 7 are typically formed with the thicknesses and compositions 
previously described with reference to Figure 1, with the result that the 
energy band structure for the device is as shown in Figure 5, in the absence of 
a voltage applied to the top electrode 5, 11 or the side gate 23. The 
insulating layers 7 give rise to relatively high barriers 8 of height B 9 of a 
relatively narrow width dimension w corresponding to the width of the 
individual layers 7. In this example, the width dimension if is of the order 
of 3nm or less, typically of the order of 2nm. 

The spacing of the individual barriers S is determined by the thicknesses of 
the layers 6 of the conductive silicon material. Towards the top and bottom 
of the layer structure 3, the layers 6 have a thickness W, of the order of 50nrn 
and in the central region of the stack, the layers 6 have a thickness W 2 of 
lOnm or less, e.g. the order of 5nm. 

Collectively, the layers of the structure 3 give rise to a barrier height b which 
is relatively low compared to the barrier height B of the individual layers, but 
which is relatively wide in terms of its physical dimension, corresponding to a 
width W T of the entire multiple layer structure 3- 

The effect of a voltage applied to the side gate 23 is to raise or lower the 
ovendl energy band diagram shown in Figure 5. The effect applying a voltage 
to the top electrode 5, 11 is to distort the band diagram in the manner shown 
in Figure 2b, so as to allow charge carriers to pass from the top electrode 5 r 
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11 downwardly through the pillar structure, either to reach the drain 2 or 
charge the memory node. 10 depending on the device concerned. In the 
absence of a vokage applied to the top electrode 5, 11, the barrier structure 
prevents charge leakage along the path between the top and the bottom of the 
j pillar structure. 

When used as a memory as shown in Figure 4b, the device operates as a fast 
static random access memory. The barrier heigbi b typically gives rise to a 
small built-in potential of approximately 0.2V and the threshold vokage 

10 required on the gate electrode 23 under conditions of zero bias the control 
electrode 11 and the memory node 10, is -1.0V. The height of the overall 
barrier presented by the pillar structure is controlled by the bias applied ro 
gate 23. A negative gate bias of about -4.0V applied to the gate electrode 23 
causes stored charge to be retained on the memory node 10. The negative 

u gate bias produces a potential barrier of approximately 3eV, which is high 
enough to keep scored electrons on the node for a period of approximately 10 
years. 

To write information the voltage applied to gate 23 is kept to zero and a bias 
20 voltage of 1,0V is applied to the control electrode 11. Then, the overall 
barrier structure of the pillar forms a downwardly inclined slope in the 
manner shown in Figure 2b with the result that electrons can tunnel through 
the individual barriers 8 to reach the memory node 10. To read information, 
a vokage of -3.0V is applied to the gate electrode 23 and the source-drain 
2$ current flowing in channel 1? is monitored in the manner previously 
described with reference to Figure 3. 

When the device is used as a transistor as shown in Figure 4a, such that the 
cop electrode 5 comprises a source and the underlying region 2 comprises a 
jo drain, the device will operate as a fast, normally-on transistor. A more 

practical example of such a transistor will now be described with reference to 
Figure 6. 
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As shown in Figure 6b, a silicon wafer 25 is provided with a thermally grown 
silicon dioxide layer 1, which acts as a substrate. The drain 2 comprises a 
layer of n* polysilicon formed on the silicon oxide layer 1. The drain is 
encapsulated by an electrically insulating layer 26 of silicon dioxide. 

The layer structure 3, which gives rise to the multiple tunnel junction 
configuration is formed so as to overlie the drain 2. The layer structure 3 is 
formed as a pillar 20 so as to be upstanding from the drain region 2 and is 
surrounded by the insulating silicon dioxide layer 24. The source 5 comprises 
10 a layer of n + polysilicon, which overlies the top surface of the pillar 20. 

The gate 23 comprises a layer of polysilicon which bounds the side wall 22 of 
the pillar 20, abutting the protective insulating layer 24, but does not cover its 
top surface 21. 

is 

The structure is covered by a protective, insulating layer 27 described in more 
detail hereinafter. As can be seen from Figure 6a, contact windows are 
formed in the oxide layer 27 and source, drain and gate electrodes 28S a 28D 
and 28G provide external connections. 

20 

A method of fabricating the device shown in Figure 6 will now be described 
in detail with reference to Figure 7. 

Referring to Figure 7a, the starting material comprises a silicon wafer 25 
2s which is thermally oxidised at 1000°C to form a 600 nm layer 1 of SiOj, 
which acts as an insulating substrate. Then, the layer 2, which is used to 
produce the drain, is formed on the SiO : layer 1. The layer 2 comprises 100 
nm thickness polysilicon deposited in a reactor by low pressure chemical 
vapour deposition 0LPCVD). A silicon dioxide layer of thickness of the 
jo order of 10nm is then deposited on the surface of the layer 2. Arsenic ions 
are then implanted into the layer 2 in order to form a n^-doped conductive 
layer that can be used as the drain. The arsenic ions are implanted with a 
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dosage of 3 x 10 J5 cra' 2 at an energy of the order of 25KeV through che oxide 
layer (not shown). The oxide layer is then removed by wet etching using a 
20:1 BHF soluri n. 

s Thereafter, the multiple layer structure 3 is formed on the layer 2. The 
multiple layer structure 3 consists of a stack of silicon and silicon nitride 
layers 6, 7. Initially, the layers 6 t of silicon are formed to have a relatively 
large thickness W t m 50nm and then, for the major part of the stack* che 
thickness of the layers 62 is of the order of W 2 - 5nm. At least one further 

10 layer 6j of thickness W t is formed ar the top of the stack. In this example, 
two such layers &x are formed at the cop. This can be seen in detail in the 
enlarged detail of the section shown in Figure 7a. 

The layers 6, 7 are formed in the LPCVD reactor. The process involves 
jj thermal nitridation of silicon, as described in detail by M, Moslehi and K> C. 
Saraswat, IEEE Trans. Electron Device, ED. 32, p 106 (1985) so as to form 
thin* tunnel junctions, in which the barrier thickness of the nitride is self- 
limited to around 2-3 nm depending on the growth temperature, with a tunnel 
barrier height of the order of 2eV. 

21? 

The layer structure 3 is repeatedly built up by firstly depositing a silicon Jaycr 
in the LPCVD reactor at 770°C in SiH^ gas to achieve the appropriate 
thickness of silicon for the relevant layer as shown in Figure 7a. Thereafter, 
the surface of the deposited silicon is directly converted to silicon nitride at 
2$ 930°C for 20 minutes in 100% NH 3 gaseous atmosphere at 1 Torr in the 
reactor. Then, a further layer of silicon is deposited on the silicon nitride in 
the same chamber and the process is repeated. Accordingly 9 pure silicon 
nitride without any silicon oxide is formed in che successively deposited layers 
7. 

JO 

Then, a layer 5 of polysilicon is deposited with a thickness of lOOnm by 
LPCVD. A silicon dioxide layer of thickness of the order of lOnm is then 
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dcpostted on the surface of the layer 5. Arsenic ions are implanted at an 
energy of 25 KeV at a dosage of 5 x I0 35 cm" 2 through the oxide layer (nor 
shown) in order to change the silicon layer 5 to an heavily doped, o-typed 
layer. Thermal annealing at o*00*C for one minute is then carried out in order 
to activate the arsenic ions and provide heavily n-doped electrical 
characteristics in the layer 5, which is later used to provide the source of the 
device. A silicon oxide layer 30 of thickness lOOnm is then deposited on the 
layer 5, 

Referring to Figure 7b, the silicon oxide layer 30 is then patterned using 
optical lithography and a dry etching method in an atmosphere of CHF, and 
argon gas, in a manner well known per se. Then, the layers 5 and 3 are 
patterned using a conventional dry etched method in CF 4 gas, using the 
photo-resist and the patterned layer 30 as a mask. 

Then, in a separate patterning step, using conventional optical lithography and 
dry etching in an atmosphere of CF« gas, the layer 2 is etched so as to achieve 
the pattern shown in Figure 7b, The layer structure 3 is thus etched into the 
form of a pillar 20 with a top surface 21 and a side wall 22, upstanding from 
the drain region 2. 

Next, as shown in Figure 7c, silicon dioxide layers 24, 26 are grown by 
thermal oxidisation to overlie the etched portions of the n* polysiUcon+Iayer* 
5, 2 and the pillar structure 3. The thickness of the oxide layer 24 around the 
pillar structure is of the order of lOnm whereas the layer 26 that covers the 
source and drain regions 5, 2 is of the order of 50nm thickness. The thickness 
of the silicon dioxide on the highly doped regions 5 and 2 is larger than the 
thickness of the silicon dioxide on the intrinsic silicon of the pclkr 3 due to 
the SELOCS. 

As shown in Figure 7d, a layer of polysilicon 23 is deposited to a thickness of 
lOOnrn by LPCVD. A thin silicon dioxide layer (not shown) of thickness of 
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the order of lOnm is then deposited on che surface of che layer 23. Arsenic 
ions we then implanted at an energy of 25KeV and a dosage of 5 x l0 15 cm* 2 
through the oxide layer in order to change the polysilicon layer 23 to a 
heavily doped n-cype layer. 

Thermal annealing at 800 9 C for one minute is then carried out in order to 
activate the arsenic ions and provide heavily n-doped electrical characteristic* 
in the layer 23, which is later used to provide the gate of the device. The 
layer 23 is then patterned using optical lithography and a dry etching method 
in an atmosphere of CF, gas. Then, the protective layer 27 is formed, which 
comprises BPSG (boron and phosphorous contained silicade glass) to a 
thickness of SCO run, and HSG (spin on glass) to a thickness of 250nm. 

As shown in Figure 7e, the BPSG and HSG layer 27 is then etched back by a 
dry etching method in an atmosphere of CHjr 2 and argon gas so as to expose 
the top of the polysilicon layer 23. 

As shown in Figure 7f , the top of the polysilicon layer 23 is etched to a level 
between the top and bottom surfaces of the n" 1 " polysilicon layer 5, by a dry 
etching method in an atmosphere of WF 4 gas. Then, a silicon dioxide layer 31 
is deposited to a thickness of lOOOnm. 

As shown in Figure 7g, che silicon dioxide layer 31 is polished by a CMP 
(chemical mechanical polish) method so as to expose the top of the polysilicon 
layer 5, so as to provide access to the eventual source. 

Then, as shown in Figure 7h, a contact window 32D is etched through the 
oacide layers 26, 27 in order to allow an external electrical connection to be 
made to the drain layer 3. At the same time, a contact window 32G is 
opened to the gate 23. The contact windows can be seen clearly in the plan 
view of the device shown in Figure 6a, 
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Ncxt, a metallisation layer 28 is formed by sputtering in order to provide 
electrical connection to the source, drain and gate, in regions 28S, 28D and 
28G. The layer 28 comprises an initial layer of titanium f lOOnm thickness 
overlaid by a layer of aluminium/silicon (l%) to a thickness of lOOOnm, 
produced by conventional sputtering techniques. 

As shown in Figure 7h, electrical insulation spaces are etched into the 
metallisation layer 28 so aa to provide the individual portions 28D, 28S and 
28G. 

The portion 28S thus provides a connection to the source region 5. The 
portion 28G provides a connection through window 32G to the layer 23 
which surrounds the pillar structure 20 thai gives rise to the multiple channel 
junction device. The layer 23, is insulated from the pillar structure 20 by the 
thin oxide layer 24 and thus acts as a side gate chat extends along the side wall 
22 of the pillar structure 20. 

During and after the growth of the layers 6, 7 of the multi-layer structure 3, 
the overall wafer is heated to 9aCM000°C for several hours. However, to 
ensure that the resulting device operates successfully, the dopants from the 
heavily doped source and drain regions 5, 2 should not be permitted to 
migrate into the silicon layers 6 2 of the layer structure 3. In the described 
embodiment, the uppermost and lowermost layers 7 of silicon nitride i* the 
layer structure 3 act as barriers to the n* dopants in the layers 2, 5 and 
prevent them from diffusing into the central region of the multi-layer 
structure 3 during the heating process. 

Figure 6a shows the active region of the transistor to be X x Y. Typically 
X - Y - ISOnm. A pillar dimension X - Y < 2Qnm can be achieved by 
means of a self-limiting oxidation process described by R L Lie, D. K. 
Biegelsen, F. A. Ponce, N. M Johnson and R. F. W. Pease, Appl. Phys. Lett, 
vol. 64, p 1383, 1994 and ft Fukuda, J. L. Hoyr, M. A, McCord and R. F. W. 
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Pease, Appl. Phys. Lett, vol 70, p 333, 1997. In this process, a retardation in 
the oxidation rate occurs as a result of a large compressive stress in the oxide 
skin near the silicon core/oxide interface, which can reach lOGpa, which is 
responsible for the self-limiting effect. 

It will be understood that the transistor structure takes up a small space on 
the substrate and the arrangement of the side gate 23 minimises the high 
electric field region and conflict for space on the substrate that occurs in the 
embodiments described in our EP 97305399.4 supr*. 

It will be understood char the principles of construction described with 
reference to Figure 7 can also be used to provide a side gated configuration for 
a memory cell; thus, the drain region 2 shown in Figure 6 can be replaced by 
a polysilicon layer of e.g. 30am thickness to provide the aforementioned 
memory node 10. Conventional source and drain regions can be formed in 
the "wafer 25 in a manner well known per se, thus to provide source and drain 
regions corresponding to the regions 17 and 18 shown in Figure 3 and 4b> 
with a conductive source-drain path between them. 

A number of modifications xo the pillar structure 20 will now be described, 
which give rise to different operating characteristics for the transistor or 
memory fabricated in accordance with the invention. 

Referring now to Figure 8, this illustrates an example of a pillar structure 
which can be used to provide a normally off transistor and a non-volatile 
memory. The configuration can be considered as a modification of the 
arrangement shown in Figure 4a or 4b and the same reference nomenclature 
has been used in Figure 8. The pillar structure is thus provided with the side 
gate 23 and insulating region 24. 

The pillar structure 20 consists of a relatively thick insulating layer T 
typically of silicon dioxide or silicon nitride. The insulating layer is of a 
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thickness of the order of 3-30am for silicon dioxide and from 4-30nm for 
silicon nitride formed by plasma nitridarion at 550°C in NHj atmosphere with 
RF power of 30O-500W. The insulating layer is sandwiched between intrinsic 
silicon layers 6' of a thickness of 50nm. The energy band profile associated 
wkh the pillar structure is shown in Figure 9. The energy band profile 
includes a relatively wide barrier 8' of height B' with a width dimension 
corresponding to the thickness of the layer 7\ 

In use, the device when configured as a memory, operates as a fast non-volatile 
random arcess memory (RAM) became the energy barrier 8' created by the 
insulating layer T keeps electrons scored in the memory node 10 without the 
need ro apply an external gate voltage to the gate 23. The height B' of the 
energy barrier is of tbe order of 2.0eV for silicon nitride and 3£)eV for silicon 
dioxide. 

When a bias voltage is applied to the gate 23, the energy barrier B 1 is lowered 
as shown in dotted outline in Figure 9. This effect is used to lower the 
barrier to permit charge to be written onto the memory node 10. 
Additionally, a voltage is applied to the control electrode II to produce a 
potenaal gradient in the manner of Figure 2b (not shown in Figure 9), so that 
charge carriers move towards the node 10. In the case of a silicon nitride 
barrier 7\ the voltage applied to the side gate 23 is of the order of 3V and ihe 
voltage applied to the control electrode is of the order of IV, In this * 
configuration, charge carriers pass the insulating layer T to reach the memory 
node 10, along a path from the control electrode 11. Thereafter, when the 
voltages are removed from the electrodes 11, 23, charge retained on the gate 
voltage by the barrier B* and the retention time can be of the order of 10 
years. Accordingly, the device operates as a fast non-volatile RAM- 

When the pillar structure of Figure 8 is used in a transistor configuration* 
with the source 5 and drain 2 t it will operate as a normally-off transistor. 
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A mcKfificatiori is shown in Figure 10, which includes additional, relatively 
thin insulating layer* 7" adjacent the uppermost electrode 5, 11 and the 
lowermost region 2» 10, which give rise to additional barriers 8" in the 
corresponding energy band diagram shown in Figure 11. When used as a 
i memory, the layers 7" avoid massive electron re-distribution around the 
insulating layer 7, the control electrode 11 and the memory 
node 10 and so achieve an improved downward potential slope 
when the voltages are applied to the gate 23 and the control 
electrode 11 so as to write or erase charge from the node 10. The 

energy band diagram of Figure 11 illustrates the situation in which a write 
lo voltage is applied to the control electrode 11 and also to the gate 23, with the 
values previously described in relation to Figure 8. The effect of the voltage 
applied to the control electrode II is co configure the band diagram into a 
downward slope from the control electrode 11 to the memory node 10 so as 
to allow electrons to move down the slope omo the memory node, with the 
is electrons tunnelling through the barriers B. The effect of the gate voltage 23 
is xo lower the height of the barriers B> The effect on the barrier B 2 is shown 
in Figure 11. The barrier is reduced from the level shown in dotted outline 
as a result of the voltage applied to gate 23, When the pillar structure 20 is 
formed of silicon nitride and poiysilicon layers 6, 7 as previously described, 
20 the additional thin layers 7" are typically of a thickness of l-2nm with the 
poiysilicon layers 6' being of a thickness of the order of 5-30nnx 

Another modification is shown in Figure 12 to provide a static random access 
memory (SRAM) or a dynamic random access memory (DRAM) which 

25 obviates the need for conventional refresh circuits, The general side gated 
pillar structure is the same as that shown in Figure 4 but with the addition of 
a thin p-type silicon layer 33. It will be appreciated that this layer which is 
typically of the a thickness of l-2nm, can be formed in the LPCVD reactor in 
a conventional manner, during the build up of the layers 6, 7. The dopant 

jo used for the layer 33 is typically boron with a dopant concentration of the 
order of 10 l, crn°, This creates a built-in potential barrier of the order of 1.2 V 
with a result that charge can be stored at the memory node 10 for a time of 
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the order f a few minutes without an applied bias to the gate lectrode 23. 
Therefore, the memory device does not require conventional heavy duty 
refresh circuit* usually needed in a fast DRAM. If it is required to retain 
information for longer periods of time, a negative bias voltage is applied to 
the gate electrode 23. A bias voltage of -LQV or -0.5V give rise to retention 
times of 10 years and 1 hour respectively. To read and write information, 
gate bias voltages of 0.0V and 1.0V are applied respectively to the gate 
electrode 23. It will be understood from the foregoing that in order to read 
information from the node, a source-drain voltage is applied to the source and 
drain 17, 19 (not shown in Figure 12) and the resulting source-drain current is 
detected. The level of current will depend on the level of charge stored on 
the memory node 10. 

Another configuration is shown in Figure 14 in which some of the regions 6 
are formed of a material with a larger energy band gap in order to introduce a 
band gap discontinuity. In the embodiment shown in Figure 14, the thinner 
layers 6j J arc formed of a wide gap material such as a metal-semiconductor 
compound e.g. SiC, whereas the regions 6 t are formed of polysilicon iu the 
manner previously described. It will be understood that the appropriate 
dopant can be introduced during the LPCVD process used xo manufacture the 
pillar, when the layers 6^ are formed. The resulting band energy profile is 
shown in Figure 15 and it will be seen that the band edge is lifted in the 
regions of the layers 6^, giving rise to a band edge discontinuity A EV "In this 
example, the band edge discontinuity is formed in the valence band but it will 
be understood that the discontinuity could be formed in the conduction band 
if appropriate materials is used electrons are used as the carriers. In this 
example, the valence band discontinuity is of the order of 0.5eV. This is 
effective for reraining information for a time of the order of 1 hour without 
the application of a bias to the gate electrode 23. Therefore, the memory 
device does not require fast refresh circuits in the manner of a convention 
DRAM. In order to retain information for longer periods of time, a positive 
bias of 0.5V can be applied to the gate electrode 23, which achieves a 
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retention time of the order of 10 yean. To read and write information, gate 
bias voltages of -0.5V and -1.5 V are applied to the gate electrode 23. The 
reading and writing is then carried out in the manner previously described. 

} When used as a transistor, the pillar structure of Figure 14 gives rise to a 
normally-off transistor. 

Referring to Figure 16» another example of the side-gated pillar structure 3 is 
shown in which the barrier configuration is provided by a cluster of granular 

10 semiconductor or conductor islands 34 are formed in an insulating matrix 35. 
In this example, the matrix 35 is sandwiched between layers of polysilicon 
material 6 of 50nm thickness. The islands 34 may comprise silicon, 
germanium, amorphous silicon or metallic dots such as gold or aluminium. A 
number of different methods of preparing nanometre scale islands will now be 

v described. 

/. Method of Segregating Nanometre Scale Ge Crystallites from Si-GfrO Mixture 
Films 

Si-Ge-O mixture films were prepared by radio frequency magnetron sputtering 
20 (RFMS) or ion beam .sputtering (IBS). The sputtering target consisted of a 
99.99% pure SiOj glass plate of lOOmm in diameter on which were disposed a 
number of high purity Ge chips 5mm square. Sputtered material from the 
target was deposited on a Si substrate of a thickness of 200nm. The number 
of Ge chips distributed on the circular SiOj glass plare was selected in order to 
is control the amount of Ge sputtered onto the target. 

In the case of RFMS, the sputtering was carried out at 1.25kW at 13,56 MHz 
rf power in an argon gas atmosphere at a pressure of 3m Torr, In the case of 
IBS, sputtering was carried out with a dc power source at lkW in an argon 
jo atmosphere at 0,3m Torr. 

In more detail, the process was performed in a deposition chamber which was 



(45) 



nm^ 11-87 



• 22 • 

first evacuated by means of a cryo-pump to a pressure of 3 x I0 f Torn Next, 
argon gas was introduced and the electrical power previously described, was 
applied for sputtering. After 7 minutes, a Si0 2 glass was formed on the target 
supersaturated with Ge. The sample was then annealed at 300-800 a C in argon 
gas for 30 minutes - 4 hours. As a result, Ge nanometre scale crystallites 
segregated in the glass. The number of Ge chips, the annealing temperature 
and the annealing rime were chosen so as to control the density and size of 
the nano-crystallites of Ge formed in the class. Table 1 below gives examples. 



Tabic 1 

Sample No, Annealing Temp. Annealing rime Average Diameter 

1 300°C 30 rain 4.2nm 

2 6Q0°C 30 min 6.0nm 

3 80CK: 30 min 65nm 



2 Preparation of Hydrogenated Amorphous Silicon by Plasma Enhanced 
Chemical Vapour Deposition Method 

In this method, capacitively coupled xfplasma enhanced chemical vapour 
deposition was used in the preparation of very thin, hydrogenated amorphous 
silicon. A deposition chamber was first evacuated down to a pressure of 10" 7 
Torr before the introduction of reaction gases. A silicon substrate mounted 
on a grounded electrode in the chamber was heated up to a temperature of 
250°C. A gas mixture of SiH* and H a was introduced into the deposition 
chamber through a mass flow controller- The gas flow rates were 10 and 40 
seem respectively. A gas pressure of 0.2 Torr was maintained by an automatic 
pressure controller. Substitutional doping was attained by introducing PH 3 or 
P 2 H 6 gas during the deposition in order to provide n-iype and p-typc 
hydrogenared amorphous siJicon respectively. In this example, 5 seem or 
0.2% PH, diluted in Hj was added as an n-type dopant. 13.56 MHz RF 
power at a level of 10W was applied onto electrodes in the chamber via an 
automatic matching box so as to maximise the forward power and minimise 
reflections, thereby establishing a plasma in the chamber. The deposition rate 
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in this case was 0.08 nm/sec. Deposition was carried ouc for 50 seconds to 
obtain a layer thickness of 4 am containing hydrogcnated amorphous silicon. 

3, Preparation of Microcryscalline Silicon by Plasma Enhanced Chemical Vapour 

> Deposition Method 

Capacitively coupled rf-plasou enhanced chemical vapour deposition was used 
to prepare nucrocrysralUne silicon. Hie main reaction chamber was isolated 
and connected to a load lock chamber by a shutter which can be opened 
easily. Loading and unloading of the samples into and from the main 

jo chamber is carried out through the load lock chamber. The pressure in the 
chamber was determined by an automatic pressure controller. The deposition 
chamber was evacuated by a turbo-molecular pump down to a pressure of 10^ 
Torr before introduction of the reaction gases. The substrates to receive the 
deposited layer were situated on a grounded electrode of 15 cm diameter 

is heated to a temperature of 250°C The distance between the electrodes was 
fixed at 3 cm. The gas mixture of SiH* and Hj was introduced into the 
deposition chamber through a mass flow controller. The gas flow rates for 
S1H4 ^d H 2 were selected to be 1 and 100 seem respectively. During this 
process, the gas pressure was maintained at 0.15 Torr by means of an 

20 automatic pressure controller. Substitutional doping is obtained by 

introducing phosphine or diborane gases during the deposition process, in the 
same plasma to provide n-type and p-type amorphous silicon respectively. In 
this example, 2 seem of 0.2% phosphine diluted in hydrogen was added as an 
n-type dopant, 80 power was applied at 13.56 MHz to the electrodes in the 

25 chamber by means of an AMC, so as to maximise the forward power and 
minimise the reflected power. The deposition rate was Q.05nm/sec. The 
deposition process was contained for 50 seconds to achieve a 4nm layer of 
micrnaystalline silicon. 

n 4, Preparation of Slacking Structures of Silicon Nitride and Amorphous or 
Macrocrystalline Silicon by Plasma Enhanced Chemical Vapour Deposition 
To achieve a stack structure of layers of silicon nitride or microcrystalline 
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silicon can be achieved using either method No. 2 or 3 discussed above co 
produce the amorphous or microcrystalline silicon and interspersed silicon 
nitride layers can be also prepared in a similar way by using a gas mixture of 
SiH*, NH 3 and Ha- To prevent contamination between the silicon and silicon 
s nitride layers, the individual films are prepared in different deposition 
chambers which are connected by means of a vacuum transfer mechanism. 

S. Preparation of Silicon Films by Other Methods 

The following are examples of other methods which can be used to prepare 
10 the amorphous and microcrystalline silicon films: thermal chemical 

decomposition, photo-chemical vapour decomposition, spattering, ion beam 
deposition, cluster ion beam deposition and molecular beam deposition. 
These methods can be combined with thermal annealing, rapid thermal 
annealing and laser annealing to achieve a wide range of microcrystalline 
is silicon configurations. 

In a specific example, silicon grains are formed with insulating grain 
boundaries, the grains have a dimensional range of 3-10nm and preferably 5 
nm or less. In the resulting structure illustrated schematically in Figure 16, a 

2Q current threshold of about 0.5V is formed As a result, information can be 
stored on the memory node 10 for a time of the order of a few minutes, 
without a bias applied to the gate electrode 23. Information can be retained 
for longer periods of time by applying a bias voltage of -1.0V or -0.5V «o the 
gate electrode 23 to achieve retention times of 10 years and one hour 

23 respectively. To read/write stored information, gate bias voltages of CV and 
IV are applied respectively to the gate electrode 23. 

When used as a transistor, the pillar structure 20 of Figure 16 gives rise to a 
normallyoff transistor device, 

30 

h will be understood that the grain size of intrinsic polystlicon layer 6 in 
previously described structures can be formed as small as 3-lOnnx During 
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thermal nitridation, grain boundaries are also convened to silicon nitride so 
that grains are also surrounded by insulation of 2-3nm thickness. It will be 
also understood that the composite layer of conductive and insulator structure 
Figure 16 can be used with any of the pillar structure previously described. 
The small grain size enhance the energy barrier effects doe to the charging 
energy and quantum size effects, as well as the enhancement of electron 
localisation since resistance of. each tunnel junction can be increased as the 
junction area is reduced. Also the leakage current due to the electron-hole 
pair creation can be reduced because the generated electron-hole pair would 
reoombine inside the grain region, because the separation outside the grain is 
not energetically preferable due to the increase of the charging energy. 

In Fig, 16, this device has node 10 and layer 6. But it is possible to omit 
node 10 and layer 6. Because it is possible to use grain 34 as a node. 
Referring now to Figure 17, this shows a modification to the side gate 
structure, which can be considered as a modification of the configuration 
shown in Figure 4. In this device, the insulating oxide layer 22 of Figure 4 is 
replaced by a semiconductor layer 36 so as to form a junction gate. In the 
example shown in Figure 18, the region 36 comprises p-type silicon. The 
pillar structure 20 includes layers 6, 7 of conductive polysilicon and insulating 
silicon nitride as described previously with reference to Figure 4. The side 
gate 23 is formed of polysilicon as described previously. 

The effect of the p-cype region 36 is to create a built-in potential b of 1.0V in 
the energy band profile, as shown in Figure 18. As a result, the current 
threshold voltage in this device is of the order of -0,1V, Therefore, when uses 
as a memory device, a low vohage operation can be achieved as the refresh 
operation can be less frequent than for a conventional DRAM. Negative bias 
voltages of -1.6V and -1.1V applied to the gate electrode 23 produce retention 
times at the node 10 of the order of 10 yean and one hour respectively. To 
read/ write information from the node 10, gate bias voltages of -0.8V and 0.4V 
are applied to the gate electrode 23. 

When used as a transistor, the pillar structure 20 of Figure 17 gives rise to a 
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oorrnally-on transistor device. 

A pillar structure 20 with an associated Schottky side gat structure is shown 
in Figure 19, which can be considered as a modification of the configuration 
> of Figure 4. In the embodiment of Figure 19, the insulating later 22 is 

omitted and a metallic side gate 37 is applied directly to the pillar structure 3 
on its side vail 22 in order to form a Schottky gate. 

The side Schottky gate 37 creates a built-in potential b of up to 0,4V in the 
io pillar smicrure 20. The resulting current threshold voltage is of the order of - 
0.3V. Thus, when used as a memory device, low voltage operation can be 
achieved and the refresh operation can be less frequent that for a conventional 
DRAM. Negative bias voltages of -1.8V and -1.3V when applied to the gate 
electrode 37 can achieve retention times of 10 years and one hour respectively. 
n To read/write information form the memory node 10, gate bias voltages of 
•1.0 and 0.2V are applied to the gate electrode 37. In a typical example, the 
Shottky metal gate 37 is formed of WSi or aluminium. It will be appreciated 
that the process steps described with reference to Figure 7 will be modified 
appropriately to produce the Shottky gate of a suitable material. 

20 

The pillar structure of Figure 20 can also be used in a transistor structure; a 
normally on transistor is thereby provided. 

It will be understood that the junction gate of Figure 17 and the Schottky gate 
2S of Figure 19 can be used with any of the pillar structures previously described 
and not only the pillar structure of Figure 4. . 

Another method of fabricating a transistor device in accordance with the 
invention will now be described with reference to Figure 21. The starting 
jo materials are the same as those used in the method described with reference to 
Figure 7. Thus, referring to Figure 21a, silicon wafer 25 is thermally oxidised 
as 1000°C to form a 600 nm thickness layer 1 of silicon dioxide which acts as 
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an insulating substrate. Then, a layer 2, which is used to produce the drain, is 
formed on the silicon dioxide layer i. The layer 2 comprises lOOnm thickness 
polysilicon deposited by LPCVD in reactor. A thin silicon dioxide layer 
(not shown) of thickness of the order of lOrun is deposited on the surface of 
the layer 2. Arsenic ions axe then implanted into the layer 2 so as to form a 
n* -doped conductive layer that can be used as the drain. The arsenic ions 
are implanted with a dosage of 3 x lO ,s cm J at an energy of the order of 25 
KeV, through the oxide layer. The oxide layer is then removed by wet 
etching using a 20:1 BHF solution. Thereafter, a stack of the silicon and 
silicon nitride layers 6, 7 are grown so as to form the multiple layer structure 
3 that gives rise to the multiple tunnel junction. Initially, the layers 6 1 of 
silicon are formed to have a relatively thickness W } « 50um and then, for the 
major part of the stack, the thickness of the layers 62 is of the order of W 2 - 
5nm. At least one further layer 61 of thickness W t is formed at the top of the 
stack and in this example, a farther layer 6 3 of silicon is formed with a 
thickness of 30nm. 

The layers 6, 7 are formed in the LPCVD reactor. The process involves 
thermal nitridation of silicon as described by Moslehi & Saraswat, supra. 

As previously described with reference to Figure 7, the layer structure is built 
up successively by firstly depositing a silicon layer in the LPCVD reactor at 
770°C in SiH« gas to achieve the appropriate thickness of silicon for th* 
relevant layers shown in the insert in Figure 21a, Thereafter, the surface of 
the deposited silicon is directly converted into silicon nitride at 930°C for 20 
minutes in 100% NH 3 gaseous atmosphere at 1 Torr in the reactor. Then, a 
further layer of silicon is deposited on the silicon nitride in the same chamber. 
Accordingly, pure silicon nitride without any silicon dioxide is formed 
between the successive deposited silicon layers. 

Referring to Figure 21b, a lOnm thick layer 38 of silicon dioxide is formed by 
thermal oxidisation over the layer structure 3 and a silicon nitride layer 39 of 
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thickness 160nm is deposited at a temperature of 740°C. 

Referring ro Figure 21c, the layer* 38, 39 are then patterned using optical 
lithography and a dry et chin g method in an atmosphere of CHFj and argon 
3 gas, in a manner well known per «. The resulting structure has & lateral 
width dimension AA and a breadth, shown in Figure 22, of a dimension Y. 

As shown in Figure 2ld, the patterned layers 38, 39 are then used as a mask 
in order to dry ecch the multiple layer structure 3 so as to remove most of the 

20 layers 6, 7 outside of the dimension AA, but leaving a thickness of 

approximately 30mn of the structure 3 outside of the masked pattern. This 
remaining portion of the region 3 is then converted into silicon dioxide by 
thermal oxidisation to form regions 40 in order to isolate adjacent transistors 
(not shown) formed by the inventive method on the same substrate 1. The 

is electrically insulating regions 40 are shown in Figure 21 e. 

Referring to Figure 2lf, the silicon nitride and silicon dioxide layers 38, 39 are 
then removed using orthophosphoric acid at 160°C and a 20:1 BHF solution. 
Then, a layer 5 of polysilicon is deposited with a thickness of lOOnm fay 

20 LPCVD. A thin silicon dioxide layer (nor shown) of thickness of rhe order of 
lOnm is deposited on the surface of the layer 5. Arsenic ions are implanted at 
an energy of 25KeV and a dosage of 5 x lO lS an 1 through the oxide layer in 
order to change the silicon layer 5 into a heavily doped n-type layer for use as 
the source of the transistor. Thermal annealing ar 800°C for one minute is 

2$ then carried out in order to activate the arsenic ions and provide heavily 
doped electrical characteristics in the layer 5. A silicon dioxide layer 41 of 
thickness lOOnm is then deposited on the layer 5. 

Referring to Figure 21g ( the silicon dioxide layer 41 is patterned using electron 
3c beam lithography and dry etching in order to provide an elongate region of 
width X which will be used to define a mask to define the extent of the 
source of the transistor. 
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Then, a shown in Figure 21h, the polysilicon layer 5 and the multiple layer 
structure 3 are etched in CF 4 gas, leaving a thickness of approximately 30nm 
of the layer structure 3, except under the portion of the etched layer 41, 
where the full thickness of the layers 3 and 5 remain. 

As shown in Figure 21i, the silicon dioxide layer regions 24, 26 of thickness 
approximately lGnm and 50nm respectively are grown by thermal oxidation 
to overlie the etched portions of the multiple layer structure 3 and the 
exposed portions of the n-type source and drain regions 5, 2, The thickness 
20 of the silicon dioxide 26 on the highly doped regions 5, 2 is greater than that 
of the thickness of the oxide 24 on the intrinsic silicon of the layer structure 
3, due to the SELOCS process. 

As shown in Figure 21j, a layer 23' of polysilicon is deposited to a thickness 
tt of lOOnxn by LPCVD- A thin silicon dioxide layer (not shown) of thickness 
of the order of lOnm is deposited on the surface of the layer 2V. Arsenic ions 
are implanted at an energy of 25KeV and a dosage of 5 x 10 ls cm'* through the 
oxide layer in order to change the polysilicon layer 23' to a heavily doped a- 
type layer. Thermal annealing at 800°C for one minute is then carried out in 
ip oider to activate the arsenic ions and provide heavily doped n^ype electrical 
characteristics in the layer 23* which is later used to provide the gate of the 
device. The layer 23* is then patterned using optical lithography and a dry 
etching method in an atmosphere of CF 4 gas. Then as shown in Figure 21k, a 
silicon dioxide layer 42 of thickness lOOnm h deposited on the device and a 
it contact window 32D is etched through the oxide layers 42, 26 in order to 
allow electrical connection to be made to the drain layer 2. The contact 
window 32D is produced by optical lithography and wet etching using a 20:1 
BHF solution. As part of the same process, a contact window 32G is formed 
for the gate 23*. 

30 

As shown in Figure 211, a metallisation layer 28 is formed by sputtering in 
order to provide electrical connection to the gate and drain. The layer 28 
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comprises an initial layer of titanium of lOOnffl thickness, overlaid by a 
lOOOnin of aluminium/silicon (1%) produced by conventional sputtering 
techniques. As shown in Figure 211, an electrical insulation space 43 is etched 
into the layer 28 so as to provide first and second contact portions 28D and 
28G, which provide connections through the contact windows 32D and 32G 
to the gate and drain regions respectively. 

The resulting device is shown schematically in plan view in Figure 22. From 
Figure 22, it can be seen that the process step described with reference to 
Figure 2lk that formed the contact window 32D, 32G can also be used to 
form a contact window 32S through the silicon dioxide overlayer 41, so as to 
provide an external electrical connection to the heavily doped n-typc region 5 
that forms the source. Additionally, when the insulating gap 43 is formed, an 
insulating gap 44 shown in Figure 4 is also formed so as to define portion 28S 
of the sputtered metallic contact layer 28. This provides electrical connection 
through the contact window 32S to the source 5. 

During and after the growth of the layers 6, 7 of the multilayer structure 3 t 
the overall wafer is heated to 9004000°C for several hours. However, to 
ensure that the resulting device operates successfully, the dopants from the 
heavily doped source and drain regions 5, 2 should not be permitted to 
migrate into the silicon layers ^ of the layer structure 3. In the described 
embodiment, the uppermost and lowermost layers 7 of silicon nitride act as 
barrier for the n* dopants in the layers 2, 5 and prevent them from diffusing 
into the central region of the multi-layer structure 3 during the heating 
process. Figure 4 shows the active region of the transistor to be X x Y, 
Typically X - SOnm and Y - 200nm. 

Referring again to Figure 2ll, it will be seen that the etched multi-layer 
structure 3 is formed into a pillar 20 upstanding from the drain region 2. The 
region 23' acts as a side gate which extends alongside the side wall 21 of the 
pillar 20- When a gate voltage is applied to the contact region 28G, the 
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controlling field is applied by the side gate through its side wall 22 into the 
layer structure 3 so as to control its tunnel barrier configuration, in a manner 
previously described. The controlling field is applied substantially only 
through the side wall 22; no significant field is applied through, the top 
surface 21 of the pillar structure- Although the region 2V bridges over the 
pillar, it is spaced from the pillars top surface 21 by the thickness of the 
source region 5 and overlying insulating layer 41, and thus no significant field 
is applied through the top surface. The described configuration has the 
advantage that because the gate field is applied through the side wall, the high 
electric field region between the gate and the drain is substantially reduced 
thereby improving the source-drain characteristics of the transistor. 

It will be appreciated that the device described with reference to Figures 21 
and 22 may utilise alternative multi-layer structures 3 in order to provide the 
pillar structure 20, in the manner described previously with reference to 
Figures 8 to 19, for example. 

Furthermore, it will'be understood that the side gated structure described with 
reference to Figure 21 may also be used in a memory device rather than a 
transistor, in which the drain region 2 is replaced by a polysilicon or like 
conducting memory node 10, with source and drain regions corresponding to 
regions 17, 18 previously described being formed in the device substrate. 

In the structures previously described, it can be designed so that the electrons 
are transported mainly at the surface region of the pillar. In this 
configuration the operation becomes similar to the MOS transistor and not so 
much influenced by the lateral dimension of pillar. The devices can also be 
designed so that electrons are transported through both surface and centre 
regions of pillar, particularly in a pillar with small lateral dimensions 

The structure described previously can be arranged laterally sho*m in Figure 
23 in plan view and in the cross sectional view of Figure 24, caken along the 
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line m-HT of Figure 23. The gate electrode 11G induces elcaric field into a 
multiple-tunnel Junction, to control the electron transport between a source 
and drain. The gate is not overlapped with source and drain contact regions. 
In this srrucrure, the gate region can be designed by lateral patterning and the 
fabrication process can be simplified. 

A method of fabricating the device will now be described in more detail with 
reference to Figure 24. The starting materials comprise a silicon wafer 25 
which is thermally oxidised ac 1000 Q C ro form a 600nm thick layer 1 ol SiOj 
which acts as an insulating substrate. Then, a layer 2, which is used to 
produce the drain is formed on the Si0 2 layer 1. The layer 2 comprises 
lOOmn thickness polysilicon deposited by LPCVD. A chin silicon dioxide 
layer of thickness of the order of 10am is deposited on the surface of the layer 
2. Arsenic ions are then implanted in the layer 2 to form an n Moped 
conductive layer that can be used for the drain. The arsenic ions are 
implanted with a dosage of 3 x 10 u cnr* at an energy of the order of 25 keV 
through the oxide layer (not shown). The 10am oxide and silicon layer 2 are 
patterned by optical lithography and dry etching. Then, a silicon oxide layer 
51 of thickness 60nm is deposited, and a contact window 55 is etched through 
the oxide layers 51 and lOnm and oxide in order to allow electrical connection 
to be made to the drain layer 2. The contact window 55 is formed by 
optical lithography and wet etching using 20:1 BHF solution. 

Thereafter, a stack of the silicon and the silicon nitride layers are grown no as 
to form the multiple layer structure 3 thar gives rise to the multiple tunnel 
juoction.by the same method described before. The multiple layer 3 is 
patterned by optical lithography and dry etching. 

Then, a silicon oxide layer 52 of thickness 60nm is deposited, and the contact 
window 56 is etched through the oxide layer 52 in order to allow electrical 
connection. The contact window 56 is formed by optical lithography and wet 
etching using 20:1 BHF solution. 
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Then, layer 5, which is used to produce che source, is formed. The layer 5 
comprises lOQrun thickness polysilicon deposited by LPCVD, A thin silicon 
dioxide layer of thickness of the order of lOmn is deposited on the surface of 
the layer 5. Arsenic ions are then implanted in the layer 5 co form an n*- 
* doped conductive layer that can be used for the source. The arsenic ions are 
implanted with a dosage of 3 x 10 ,s cm 2 at an energy of the order of 25keV 
through the oxide layer (not shown). Then the lOnm oxide and the silicon 
layer 5 are patterned by optical lithography and dry etching. 

to A silicon oxide layer 53 of thickness 60nm is deposited, and the gate window 
54 is etched through the oxide layers 53 and 52. The gate window 54 is 
formed by optical lithography and wet etching using 20:1 BHF solution. 
Then, a lOnm silicon dioxide layer 54 is formed by thermal oxidation. 

js Then, the contact window 32D is etched through the oxide layers 51, 52 and 
53 in order to allow electrical connection to be made to the drain layer 2, 
The contact window 32D is formed by optical lithography and wet etching 
using 20:1 BHF solution. At the same time, a contact window 32S is made to 
the source 5. 

20 

Metallisation and patterning is then carried by the same method described 
with reference to Fig. 2ll, to complete the structure shown in Figure 23 and 
Figure 24, 

2S It will be appreciated that the device described with reference to Figures 23 
and 24 may utilise alternative multi-layer structures 3 r in the manner described 
previously with reference to Figures 8 to 19, for example- Also, che drain 2 
may be replaced fay a memory node in order to provide a memory device 
rather than a transistor. 

30 

Many other modifications and variations within the scope of the invention 
will be apparent to those skilled in the ait. For example, whilst in the 
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described embodiments silicon nitride is used to provide the insulating layers 
of the multi layer structure 3, silicon oxide layers could be used or other films 
of insulating material. Also, the n-typc and p-type regions could be 
interchanged and varied in the type of dopant used. For example it would be 
J possible to use a n-type source and drain (or memory node), with a p-type 
gate. 
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Claims 



1. A controllable conduction device comprising an upstanding pillar 
structure having a side wall and a top surface, the structure being formed of 
regions of relatively conductive and non-conductive material such that in a 
first condition, charge carrier flow can occur through the pillar structure and 
in a second condition the regions present a tunnel barrier configuration that 
inhibits charge carrier flow through the pillar structure, and a side gate 
structure alongside the side wall of the pillar structure, configured to apply an 
electric field through the side wall into the pillar structure to control electrical 
conductivity thcrcin- 

2. A device according to claim 1 wherein said regions provide an energy 
band profile that comprises a dimensionally relatively wide barrier component 
with a relatively low barrier height, and at least one relatively narrow barrier 
component with a relatively high barrier height. 

3. A device according to claim 2 wherein the component of the energy 
band profile of relatively high barrier height is provided by an element of a 
width of 3nm or less. 

4. A device according to chum 2 or 3 wherein the energy band profile of 
the tunnel barrier configuration includes a plurality of said relatively high 
barrier height components. 

5. A device according to claim 2, 3 or 4 wherein the configuration 
includes alternate layers of relatively elearically conductive and insulating 
material wherein the layers collectively provide said relatively low barrier 
height component of the energy band profile, and the individual insulating 



(59) 1 1 -8 7 5 4 1 

layers provide the relatively high barrier components. 

6. A device according to claim 5 wherein the alternate layers comprise 
polysilicon and silicon nitride or silicon oxide respectively. 

7. A device according to claim 6 including a heavily doped barrier layer 
within the alternating layers, 

8. A device according to claim 5, 6 or 7 wherein the electrically 

10 conductive layers each are of a thickness of less than 10 rnn and rhe insularing 
layers are of a thickness of the order of lnm. 

9. A device according to claim 5 wherein the configuration includes 
alternate layers of electrically conductive material and semiconductor 

is material. 

10. A device according to any preceding claim wherein the pillar structure 
includes a plurality of conductive islands. 

20 11. A device according to claim 10 wherein the islands are distributed in 
the an insulating matrix. 

12. A device according to claim 10 or 11 wherein the island* have a 
diameter of 3-10nm- 

25 

13. A device according to any one of claims 10 to 12 wherein the islands 
comprise nano-crystals of semiconductor material. 

14. A memory device according to any one of claims 10 to 12 wherein the 
jo islands are formed of a metal. 



15. A device according to any preceding claim operable as a transistor, 
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Including source and drain regions xo provide a source-drain charge carrier 
flow path through the pillar structure, and the side gate is operable to control 
charge carrier flow al ng che source-drain charge carrier flow path. 

16. A device according lo any one of claims 1 to 13 operable as a memory, 
including a memory node to receive charge carriers that pass along a path 
through the pillar structure, and the side gate is operable to control charge 
carrier flow along the path, for controlling the charge stored in the node. 

17, A device according to claim 16 including a source-drain path having a 
conductivity dependent on the level of electrical charge stored in the node. 

IS. A device according to any preceding claim wherein said side gate 
structure comprises a Schottky gate. 

19. A device according to any preceding claim wherein the side gate 
structure comprises a junction gate. 

20. A device according to any preceding claim wherein the side gate is 
disposed alongside the side wall but does not overlie the top surface. 

21. A device according to any one of claims 1 to 19 wherein the side gate 
is formed of a region which is disposed alongside the side wall and also forms 
a bridge over the pillar structure spaced from its top surface such rhat no 
significant controlling electrostatic field is applied by the region into the pillar 
structure from the bridge. 

22. A device according to any preceding claim including a control 
electrode extending over the entire top surface of the pillar structure. 



23. A memory device comprising a barrier structure formed^of regions of 
relatively conductive and non<onductive material such that in a first 
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conditi n, charge carrier flow can occur through the pillar structure and in a. 
second condition the regions present i tunnel barrier configurati n that 
inhibits charge carrier flow through the structure, a memory node to receive 
charge carriers that pass along a path through the structure, and a control 

) electrode for supplying charge carriers to the path so as to pass through the 
structure zo be stored at the node, wherein the regions of non-conductive 
material are configured so as to provide an energy band profile that comprises 
dimexuionally relatively narrow barrier components adjacent the memory 
node and the control electrode respectively, and a dimeosionally relatively 

10 wide barrier component between the narrow harrier components, the barrier 
components being configured such as to provide non-volatile charge storage at 
the node. 

24. A device according to claim 23 including a side gate to apply an 
// electrostatic field to the pillar structure through its side wall. 

25. A controllable conduction device comprising a substrate (1), control 
elements (2, 5) spaced apart laterally on the substrate, a channel structure (3) 
electrically connected to and extending between the control elements, the 

& channel structure being formed of regions of relatively conductive and non- 
conductive material such that in a first condition, charge carrier flow can 
occur through the structure and in a second condition the regions present a 
tunnel barrier configuration that inhibits charge carrier flow, and a gate region 
(28G) configured to apply an electric Geld into the channel structure to 

is control electrical conductivity therein, the channel structure (3) being 

configured so as to lip under one of the control elements an lip over the other 
of the control elements on the substrate. 

26. A device according to claim 25 wherein the control elements comprise 
30 source and drain regions (2, 5). 

27. A device according to claim 25 wherein one of said control elements 

39- 

comprises a memory node- 

28. A device according to claim 25 wherein the gate region is disposed 
between the control elements, overlying the channel structure. 
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Abstract 

A controllable conduction device comprises an upstanding pillar structure (20) 
having a side vail (22) and a top surface (21), the structure being formed of 

s regions (6, 7) of relatively conductive and non-conductive material such thai in 
a first condition, charge carrier flow can occur through the pillar structure and 
in a second condition the regions present a tunnel barrier configuration that 
inhibits charge carrier flow, and a side gate (23) structure alongside the side 
wall (22) of the pillar structure, configured to apply an electric field through 

to the side wall into the pillar structure to control charge carrier transport. The 
device can be used as a memory with a memory node (10) beneath the pillar 
structure, which stores charge that passes from a control electrode (11) on the 
top surface (21) of the pillar structure. The device can also be configured as a 
transistor with a source (5) on top of the pillar and a drain (2) underlying it. 

Representative Drawing 
FiG. 46 



